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Abstract: To support the advanced controller design and verification of the Aeropropulsion System
Test Facility (ASTF), it is necessary to establish a mathematical model of ASTF with high precision
and replace the current lumped parameter model. Therefore, a quasi-one-dimensional flow model
of ASTF is established considering friction, localized losses, heat transfer, etc. Moreover, a generic
modeling method is proposed for quasi-one-dimensional flow. With this method, all component
models of ASTF are composed of staggered central control volume (CCV) and boundary control
volume (BCV) and connected through virtual control volume. Thus, the properties of quasi-one-
dimensional flow, such as spatial effect and time delay, can be easily addressed during the modeling
process. The simulation results show that the quasi-one-dimensional flow model has higher accuracy
than the lumped parameter model. Comparing the simulation results of the quasi-one-dimensional
flow model with the test data, the relative errors of flow and pressure are less than 2.2% and 1.4%,
respectively, further verifying the correctness of the proposed modeling method.

Keywords: quasi-one-dimensional flow; Aeropropulsion System Test Facility; modeling; virtual
control volume; numerical simulation

1. Introduction

By providing airflow at pressures and temperatures experienced during flight, Aero-
propulsion System Test Facility (ASTF) can simulate flight conditions to test aircraft en-
gines [1,2]. To simulate more realistic flight conditions, a lot of research on the controller of
ASTF is required, which relies on reliable numerical simulation verification. Hence, it is
necessary to establish a high-precision numerical simulation model of ASTF.

In fact, ASTF is a symmetrical large-scale pipeline system, including pipe, valve, mixer,
flow deflector, air source, etc. As early as 1998, Schmidt et al. [3] proposed a simplified
volume model for the pipe, which was obtained from the mass and energy balance. After
that, Montgomer et al. [4,5] and Sheeley et al. [6] used the lumped parameter method to
develop the math models of test facilities at the Arnold Engineering Development Complex
(AEDCQ), including tanks, pipes, burners, etc. Recently, considering the flow characteristics
of the valve and the dynamic characteristics of the volume, Pei et al. [7] established a
mathematical model of ASTFE. To further improve the accuracy of the ASTF model, Zhu
et al. [8] proposed a multi-volume modeling method, which considered the effects of many
factors, such as pressure loss of pipeline and fluid—solid heat transfer. The above studies
were essentially based on the lumped parameter method, which assumes that the airflow
in pipeline is instantaneously mixed evenly and has uniform properties [6]. However, the
lumped parameter model cannot directly account for spatial effects and any losses due to
friction, bending, etc. [6,9]. It also cannot reflect some important characteristics of ASTF,
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such as time delay. In addition, the fluid network method [10-12] is often used in the
research of complex pipeline system, such as natural gas transportation system, engine fuel
system, compressed air supply system, etc. It mainly calculates the pressure of each node
of the pipeline system and does not care about the flow process inside the pipeline. It is
difficult to consider the heat transfer of pipes and other components.

While ensuring high computational efficiency, the one-dimensional (strictly, quasi-
one-dimensional) flow method is gradually being studied to improve model accuracy. Pei
et al. [13] built a model of the flight environment simulation system, which required that
the cavity only be connected with the throttling element. To capture the transient response
of the wind tunnel, which is a special pipeline system, Rennie et al. [14] divided the tunnel
circuit into small sections, and applied the mass, momentum, and energy conservation
equations for each section. However, this model was not suitable for the case that the
pipeline has branches. Liu et al. [15,16] established the finite elements state-space model
for one-dimensional compressible fluid flow but did not study the model of throttling
elements (e.g., control valve). After that, Boylston [9] studied the quasi-one-dimensional
flow modeling method for AEDC’s four-foot transonic wind tunnel, but it was still limited
to pipe modeling. Inspired by their work, this paper introduces the quasi-one-dimensional
flow method into the modeling of ASTF. However, due to the complexity of ASTF’s
equipment, models of large valve, mixer, pipe junction, etc., also need to be established.
More importantly, previous studies lack a generic modular modeling method for all ASTF’s
components. Thus, a generic quasi-one-dimensional flow modeling method of ASTF is
proposed. This method makes all component models consist of control volumes. Because
the control volume considers heat transfer, friction, local pressure losses and other factors,
these factors can be easily introduced into all component models to improve them. In
addition, these component models are symmetrical, which facilitates the construction of
the system-level model.

The main contributions of this paper are as follows:

(1) The concepts of CCV, BCV and virtual control volume are proposed, and a generic
quasi-one-dimensional flow modeling method is established.

(2) All the component models and system-level model of ASTF are established, and
the limitation that the cavity can only be connected with the throttling element
is eliminated.

This paper is organized as follows. In Section 2, two basic control volumes as well
as the calculation methods of parameters are introduced, serving as the backbone for the
modeling framework. In Section 3, through the staggered connection of CCV and BCV, the
component models of ASTF are constructed, including the pipeline model, control valve
model, multi-port junction model, flow source/sink model and pressure/temperature
boundary model. To unify the boundary of the component models and build the system-
level model, the virtual control volume is proposed as the connection of models. Section 4
presents the characteristics and establishment method of the system-level model, and
then constructs a numerical simulation model of ASTF. Section 5 describes the differences
between the quasi-one-dimensional flow model and lumped parameter model in steady-
state and dynamic processes. By comparing the simulation results with test data, the
correctness of the modeling method proposed in this paper is further verified. Section 6
provides concluding remarks.

2. Control Volume
Assumptions:

1. The fluid in control volume is instantaneously mixed evenly and has uniform properties.
2. The gravitational potential energy is ignored.

According to the difference of the concerned sections, control volumes are classified
into two types: central control volume (CCV) and boundary control volume (BCV), as
shown in Figure 1. The temperature, pressure, density and energy of the fluid are calculated
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in the state parameter cross section. The velocity, momentum and Mach number of the
fluid are calculated in the motion parameter cross section. The boundary of the CCV is
the motion parameter cross section, while the boundary of BCV is the state parameter
cross section. The fluid moves only along the axial direction, and the radial boundary is
closed. Although the parameters of each section can be calculated in different ways, the
basic conservation equation is mostly used, which is briefly reviewed in the following.

Central control volume Boundary control volume

Closed boundary
- - —-- State parameter cross section
Axial - Motion parameter cross section

Radial

Figure 1. Differences between two types of control volumes.

2.1. Central Control Volume

As shown in Figure 2, it is assumed that the boundary parameters of CCV are known.
According to the mature theory of unsteady flow of compressible fluid [9,17,18], the param-
eters of the CCV’s state parameter cross section can be calculated as follows:

d(o;V;
(il]t]> = PinUiAi - PoutviAi 1)

m

d(E]Cﬁ]V]) = (Ein + Zm)PinviAi - (Eout + Z::I)poutviHAiH +Q;—-Y 2)
where Vj is the volume of CCV. The subscript i + 1 represents the downstream motion
parameter section adjacent to motion parameter section i. Ej,, Pin, Pin, Eouts Pout and pout
need to be calculated according to the parameters of adjacent upstream and downstream
grids, such as taking the average value [9] or upwind scheme [19] (see Section 3.1 for
details). Equation (1) represents the conservation of mass, that is,

Time rate of change _ (Total mass flow rate \  (Total mass flow rate
of mass within the CCV )/ \ entering the CCV leaving the CCV
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Figure 2. Schematic diagram of CCV.

Equation (2) represents the conservation of energy, that is,
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Time rate of change of [ Rate of energy (transferred
( total energy within the CCV ) N < by mass) entering the CCV >
Rate of energy (transferred Rate of net Rate of net
B ( by mass) leaving the CCV ) ( heat input > B < work output >

In Equation (2), Qj = hA; (Tpipe — T]), and A; is the surface area through which the
convection heat transfer takes place, Tpipe is the wall temperature, and T] is the temperature
of the airflow in CCV [20,21]. Actually, & can be variable, and detailed calculation can be
found in Refs. [9,22,23]. For ASTF, the fluid does not do shaft work, so ¥5 = 0. Since the
radial boundary of the control volume is a solid wall, where the velocity of the fluid is zero,
the work done by the viscous force is zero. Then, ¥ =¥ + ¥, = 0.

According to the state equation for ideal gas and the relationship between internal
energy and state parameters, the pressure in the state parameter cross section can be

obtained as [24]
1
pi = (v —1p; [Ej - 2012} ®)
where v; ~ %(vi +vi41).

2.2. Boundary Control Volume

As shown in Figure 3, it is assumed that the boundary parameters of BCV are known.
According to the mature theory of the unsteady flow of compressible fluid [9,17,18], the
parameters of BCV’s motion parameter cross section can be calculated as follows:

Vioif
2D;

dw;
dr

Aipik
2

2 2
= (Pj-14j-1 = PjA;+ Pidj = piAj1) £ 0j-10nAj1 — PjVoud)j — vilvi| — vilil €
where vj,, and oyt also need to be approximated (see Section 3.1 for details). The subscript
j-1 represents the upstream state parameter section adjacent to state parameter section j.
pi = %(Pj—l + pj) and p; = %(ijl + pj) are state parameters of the motion parameter

cross section. Equation (4) represents the conservation of momentum, that is,

momentum within the CCV due to pressure brought in by the incoming fluid
The rate of change of momentum
B < leaving with the outgoing fluid )
Frictional force
B < acting against the flow

( Time rate of change of ) B ( Force on the fluid ) < The rate of change of momentum )

) — (Force due to minor pressure losses)

T
. 1
r i i
p,‘li :‘,’ .p_/
E.f-l' :Ii IEz
| 1
p/—l- 1 ![7j
I !
j-1 i J

Default flow direction i

Figure 3. Schematic diagram of BCV.

By introducing f and k into Equation (4), the subsequent model can handle a variety of
situations, such as friction, bends, flow obstructions, etc. For laminar flow (i.e., Re < 2400),
the friction factor f can be approximated by 64/Re. When Re > 2400, the friction factor f
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2
can be approximated by 0.25/ {log ( 39 + %) } [9]. The minor loss coefficient k is related

to the structure of local obstacles and the actual pipeline, which is usually determined by
experiments. The detailed description of k can be found in Refs. [9,25].

According to the definition of momentum, the velocity in the motion parameter cross
section is obtained as

o eiVi ©)

2.3. Outlook

CCV and BCV deal with parameters of different cross sections, and thus the one-
dimensional flow process can be calculated by the staggered connection of CCV and
BCV. Although this method is essentially similar to the one-dimensional flow in previous
studies, this description method in this paper gives more convenience and universality to
subsequent modeling. Any component and even the whole system can be described by the
staggered connection of CCV and BCV, not limited to the pipeline.

The control volumes contain the parameters of different cross sections. In addition
to the above calculation methods, for different components, their parameters are allowed
to be calculated by different equations (see Section 3.2). Some parameters of the control
volumes are unknown, which will be considered in the component modeling.

3. Component Models

As a pipeline system, the parameter distribution along the axial direction reflects the
main characteristics of ASTE. Therefore, the difference of the radial parameters of airflow
is ignored, and only the one-dimensional flow of the airflow in the pipeline system is
considered. Based on this, the pipeline, control valve, multi-port junction, flow source/sink,
pressure/temperature boundary and other components can be equivalent to the combina-
tion of CCV and BCV. Since the structure of each model is symmetrical, the direction of
airflow does not affect the calculation of the model. Except for the flow source/sink model,
which has a definite flow direction, the other models only need a default flow direction.

3.1. Pipeline Model

Based on the staggered grid, a one-dimensional flow model can be
established [9,16,19,24]. Here, the CCV and BCV are staggered together to form a one-
dimensional pipeline model, as shown in Figure 4. In the figure, the black triangle rep-
resents the input port, and the white triangle represents the output port. The subscript
j + 1 represents the downstream state parameter section adjacent to state parameter section
j- The subscript i-1 represents the upstream motion parameter section adjacent to motion
parameter section i.

WPy Paos Eyo P, Vio

vy
;
;
]

T o i-1 j=1 i ] i+l j+1 [

Virtual control volume Virtual control volume

Default flow direction
Figure 4. Schematic diagram of pipeline model.
The unknown state parameters can be calculated using the upwind scheme, and the

unknown motion parameters can be approximated by the average value, as shown in
Equations (6) and (7).

o Yyi1,0i20 _ yj,vi =0
Yin = { vj,v; <0 ' Yout = Vi, i <0 6)
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1
0i-1+70i), Vout = E(vi +0i41) 7)

Uin = %(
wherei=1,2,--- ,nandy € {p,E, p}.

Previous studies have carried out special treatment on the pipeline boundary, generally
taking actual physical parameters as boundary conditions. In this paper, two virtual control
volumes are set at both ends of the pipeline. The parameters of the virtual control volumes
(i.e., the boundary conditions of the pipeline model) are provided by the upstream and
downstream ports. Thus, the parameters of each cross section in the pipeline model can
be directly calculated according to Equations (1)—(7). The calculation results of the virtual
control volumes are returned as the output to the upstream and downstream ports, as
shown in Figure 4.

3.2. Control Valve Model

ASTF’s control valve is a large-size throttling component. The dynamic process of the
airflow through the control valve directly affects the characteristics of ASTE. The presence
of the valve plate makes the contact area between the valve body and airflow large so that
the heat transfer process between the control valve and the airflow cannot be ignored. The
control valve model can be established through the staggered connection of two CCVs and
one BCV, as shown in Figure 5. The two CCVs are located on both sides of the throttling
cross section of the control valve, which can reflect the dynamic process of the airflow.
Moreover, the heat transfer process can be considered in the two CCVs to simulate the
energy change of the airflow through the control valve.

Control valve
throttling cross section

=

' Pupe

v

P aELp v “F'/}"_}’.I\.‘[}‘ Palon P v

2.
A4 A Al A v v
B T 7 T "
. . 5 . .
! o, P, !
v [F 1 ¥
! '_ Lk Vv, -k . I
I L
)
Virtual control volume Default flow direction  Virtual control volume

Figure 5. Schematic diagram of control valve model.

In ASTE, the structure of the large-size control valve is complicated, and it is difficult to
establish its flow characteristic model with the traditional theoretical formula [26]. Actually,
a large amount of data is retained during the operation of ASTF, which can be used to
improve the accuracy of the model. The mass flow rate through the control valve can be

written as [27]
m= @S+\/2p1p1 ®)

where ¢ = g(S, ) is the flow coefficient of control valve, and it is a function of pressure
ratio 7T = pp/ p1. § represents a complicated function. Through the fitting of test data and
the calibration of the three-dimensional flow field simulation data, an interpolation table of
the flow coefficient can be obtained to replace g [28].

The flow velocity at the throttling cross section can be calculated as

_om
Pins

(%]

©)

_f pm=0

where pi, = { 02,11t < 0
sections corresponding to subscripts 1 and 2 are shown in Figure 5.

The motion parameters at the throttle cross section are obtained, so Equation (4) is no

longer needed. We set the virtual control volumes at both ends of the control valve, and the

upstream and downstream ports provide the boundary conditions. According to Equations

is determined by the upwind scheme. The state parameter
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d(EpV)

dt

(1)—(7), the parameters of each section (except the throttle cross section) can be calculated.
Then the parameters of BCV are provided to the upstream and downstream ports.

3.3. Multi-Port Junction Model

The multi-port junction model is used for the intersection and branching of pipelines.
The schematic diagram of the multi-port junction model with m inlets and k outlets is
shown in Figure 6, and the virtual control volumes are also set for each port of the model.

Vpt Prpts Eupts P p.E.p Vi Viar P Ep Paors Egors Paoy Vaos
v \ A A A A A A A

i 1 Pt k. l ! P L. —I

1 ! Pina lp jun jon Pl Pt

: . Vil Voua " "

| ! v 1K By |

H in . - out 1 .

i ! w, ' A AL P, :
. P ) b T g

Virtual control volume i Virtual control volume

Default flow direction

v Default flow direction

Virtual control volume Virtual control volume
—_— R e ——

Chamber

| I A A T Poar]Peus

! 2 R P! Pous !

1 | . x un N s

: : Vom  1E EV Vo !

: ! W,. 'p pow,, !

A A A pa v \4 Vv V Ay A A
Vipw P> Fopmr Popm PE P wim vE o P ED e E Pk Ve

Figure 6. Schematic diagram of multi-port junction model.

Assuming that the airflow at the pipe junction is uniformly mixed instantaneously,
according to Equations (1) and (2), the parameters in the multi-port junction can be calcu-
lated as

d(oV m k
(gt ) Y Oin,iPup,iAupi — Y Pout,Vdo,iAdo,j (10)
i=1 =1
Pini s Pout, S
Ein,i + o pin,ivin,iAup,i - Z Eout,]' + DU Pout,jvout,jAdo,j +Q-Y (11)
Pin,i j=1 Pout,j

From Equations (3), (10) and (11), the state parameters p, E, and p of the output ports
can be determined. To unify the interface, it is still necessary to calculate the motion
parameters of the output ports. Considering that the volume of multi-port junction is
concentrated inside, and the control volumes at the inlet and outlet are relatively small, the
compressibility of the air in these control volumes can be ignored. Therefore, the velocity of
the inlet and outlet airflow can be expressed as follows according to the flow equilibrium,

jun Pin,iVin,i Aup,i
ing — jun
up,i

/i:1/2/"'/m (12)

Ujun o Pout,jvout,jAdo,j
out,j — j

/j:1,2,"',k (13)

In Equations (10)—(13), the state parameters such as pi, ;, Ein i, Pin,is Pout,jr E out jr and
Pout j, are calculated according to the upwind scheme shown in Equation (6), and the motion
parameters Vin i, Win i, Uout,j, and Woyy j, are calculated according to Equations (4) and (5) of
BCV, fori=1,2,---mandj=1,2,--- k.
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3.4. Flow Source/Sink Model

The flow source model can be used to simulate the air supply unit of ASTE, where
the mass flow rate and temperature are known. A single CCV is used as the flow source
model, and a virtual control volume is set at its outlet, as shown in Figure 7. Since the
virtual control volume is not set at the inlet of the flow source model, the parameters of the
entrance section cannot be obtained directly by the upwind scheme. According to the mass
flow rate, the entrance velocity is expressed as

m

= (14)

01

where the air flow density is approximated as pin ~ p1.

Y Pk p, Pios E.!..- P Vo
VY
Airflow inlet—| . . H
ﬂﬁu Il’)x | :
P 3 v, i
h— v !‘L-l ”j ! H
I 5 | 1
— ! Py . :
A

‘
" Virtual control volume

-

Flow direction
Figure 7. Schematic diagram of flow source model.

The airflow pressure therefore becomes pj, = p1RT. From Equation (3), the total
energy Ei, of inlet air flow can further be determined. Combining Equations (1)-(7),
the remaining parameters of the control volume can be solved. The model output port
parameters are shown in Figure 7.

The flow sink model can be used to simulate the intake air of an aircraft engine, and a
virtual control volume is set at the inlet, as shown in Figure 8. Since the air flow direction is
fixed, the state parameters of the exit section can be taken as

Yout = Y1 (15)

wherey € {p,E, p}.

rnq.\ f'?np ® ]."\Ip' ]‘7|q) pl‘ "’"‘l ® pl v 2

______ v A
i T T » Airflow outlet
i I 2 1 Pow l’?nnr > Pow
i : 11 o — 11

i ‘!‘
: s ’

4

ont

Virtual control volume

Flow direction

Figure 8. Schematic diagram of flow sink model.
The outlet flow rate is a known value, and then the outlet velocity is expressed as
m

= — 16
PoutAout (16)

(%]

According to Equations (1)-(7), the parameters of the remaining sections can be
obtained, and the parameters of output port are shown in Figure 8.
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3.5. Pressure/Temperature Boundary Model

The pressure/temperature boundary model represents the known airflow boundary,
such as atmospheric environment, etc. In addition to state parameters that can be output as
known values, the model still needs to output motion parameters, as shown in Figure 9.

v, P p, PacrEaos Pao Ve

v v
Set value or N T hy ™
approximate value ! 1y | i
L . H
. v, 1
!l‘., ”" I :
T 1 1 1
Setvalue p,.7| P e i
A ’

e
Virtual control volume

Default flow direction

Figure 9. Schematic diagram of pressure/temperature boundary model.

For low-speed flow, kinetic energy accounts for a small proportion of the total energy
of the air flow. Therefore, it is allowed to set a reasonable velocity based on experience
without causing a large loss of accuracy. When the experience is insufficient or the speed is
high, such as close to the air supply unit, it can be approximated as

V1 & Uy (17)

The state parameters p; and T7 are known setting values, and the airflow density
p1 and total energy E; can be calculated according to the ideal gas state equation and
Equation (3). In addition, a virtual control volume is added to the model, and the unknown
motion parameters v, and W, are calculated according to Equations (4) and (5).

4. System-Level Model
4.1. Analysis of System-Level Modeling

The virtual control volume can conveniently handle model interfaces and boundaries.
In Figure 10, the input/output ports of the upstream pipeline are respectively connected
to the output/input ports of the downstream pipeline, so that the virtual control volumes
essentially become CCVs of the connected pipelines. Then, Section I of the upstream
pipeline and Section II of the downstream pipeline are seamlessly connected, and the
parameters of the two sections remain the same. Although the pipelines connected in
sections can be simplified into a single pipeline model, when the pipeline length reaches
hundreds of meters, it is inconvenient to set all the pipeline parameters on one model. In
addition, this method does not increase the computational complexity of the model.

Section I Virtual control volume
—_——

Upstream
pipeline

Downstream

A
4
: pipeline

;
Y
4

bommeeveneneed
Virtual control volume  Section II

Figure 10. Interface connection diagram of pipeline model.

Figure 11 shows the connection between the pipeline and the control valve, in which
the state parameter cross sections all follow the mass conservation equation and energy
conservation equation, and only the calculation method of the motion parameter cross
section is different. For the control valve, the motion parameters are calculated based on
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the mass flow rate through the control valve. For the pipeline, the motion parameters are
calculated according to the momentum conservation equation.

7
: U r{slre;un

i pipeline Control valve
z A throttling cross section
T

i

1

i

A

Control “:> ...... : ; : L
valve i i ] i

Upstream pipeline Control valve Downstream pipeline

[P S S

AP v
>

T
'
]
i
Downstream

pipeline ! : R

Figure 11. Connection of pipeline and control valve.

Therefore, for the system-level model, it is still in the form of complete staggered grids,
in which the motion parameters can be combined with the characteristics of different com-
ponents for targeted design and calculation. That also determines the flow characteristics of
the airflow in ASTF. The characteristics of one-dimensional (strictly, quasi-one-dimensional)
flow can be reflected in the whole system model. Due to the symmetry of the component
models, the airflow direction in ASTF does not affect the modeling process.

Generally, due to the staggered grids and the average properties of some parameters
(e.g., Equation (7)), the quasi-one-dimensional flow model cannot simulate supersonic flow
stably and accurately [9]. Although reducing the grid size is a solution, the computational
cost is very large because of the larger grid number. However, this does not affect the
modeling of ASTF, because the airflow in ASTF is designed to be at a low Mach number.

4.2. ASTF Model

The ASTF structure is shown in Figure 12, which is mainly composed of pipelines,
control valves, flow deflectors, mixer, buffer chamber, etc. The structure of ASTF is symmet-
rical. It regulates the flow of air source through the control valve and realizes the mixing of
airflow with different temperatures and pressures in the mixer. After the mixed airflow
passes through the buffer chamber and the special-shaped pipe, it is directly supplied
to the aircraft engine. The buffer chamber can make the airflow mix more evenly. The
special-shaped pipe makes the airflow more stable. A flow tube is used to measure the mass
flow rate, temperature, pressure and other parameters. According to the actual structure
and system working mechanism, the ASTF model is constructed as shown in Figure 13.

Pressure / temperature sensors
! Control valve 1
i Too-=m=="

—_ N A

Air source 1

+ Displacement sensor

Pressure sensor
n

B Pressure / temperature sensors

Flow deflector 1 \\ —
E =

Flow deflector 2 // e

| F
Buffer
chamber

[e— Air outlet
Flow tube

Air source 2 Special-shaped pipe

— pd

Control valve 2 ~ Displacement sensor

———

Pressure / temperature sensors

Figure 12. Schematic diagram of ASTFE.
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Air source |

Air source 2

»{

»{

i }XDKH
D [

— Port connection [[J Boundary model (X) Control valve model (][] Pipeline model () Multi-port junction model

Figure 13. Model connection diagram.

In Figure 13, the boundary model represents the flow source/sink model or pres-
sure/temperature boundary model, which needs to be selected according to the actual
boundary type. As a throttling component, the flow deflector is represented by a control
valve model with a fixed opening, and its flow coefficient is obtained by fitting three-
dimensional flow field simulation data, as shown in Figure 14a. The flow coefficient of
the control valve is obtained through test data and three-dimensional flow field simula-
tion data, as shown in Figure 14b. The pressure ratio in Figure 14 represents the ratio of
the airflow pressure after and before the control valve, and the area ratio represents the
ratio of the valve opening area to the valve maximum cross-sectional area. The mixer
has the characteristics of airflow mixing, while the buffer chamber is a typical large-scale
volume, and both are modeled by the multi-port junction model. Since some component
models are not strictly one-dimensional flow numerical models, the ASTF model is a
quasi-one-dimensional flow model.

0.4 0.5
04 -
2 03— g
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\\ 2
% . L‘T: 0.3
g 0.2 . 302
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[T 01 \\\ 0.1
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Pressure ratio Area ratio 1 Piassure ratio
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Figure 14. Flow coefficient. (a) Flow coefficient of flow deflector; (b) flow coefficient of control valve.

By setting the boundary model parameters (i.e., temperature /pressure or mass flow
rate) and the opening of the control valves, the subsequent simulations can be carried out.

5. Simulation and Analysis
5.1. Difference between Quasi-One-Dimensional Flow Model and Lumped Parameter Model

According to Ref. [8], an ASTF model based on the multi-volume modeling method
was established. This model is essentially a lumped parameter model. The control valve
and flow deflector were used as throttling components to model the entire system as a
combination of multiple volumes, in which the buffer chamber and the special-shaped
pipe together formed a large volume, as shown in Figure 15. Compared with the lumped
parameter model, the quasi-one-dimensional flow model takes into account factors such as
friction and local losses (see Equation (4)), and the influence of these factors can be directly
seen by the following simulation.
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Figure 15. Connection diagram of lumped parameter model.

Boundary conditions:

1.  The pressure and temperature of air source 1 were respectively 95.291 kPa and 282 K;
The pressure and temperature of air source 2 were respectively 147.053 kPa and 396 K;
3. The flow at air outlet was 223.2 kg/s.

The opening of control valve 1 was set to 72.6%. The opening of control valve 2 was
maintained at 30% for 0~5 s (called stage 1) and stepped to 40% in the 5th second. The
cross-section signs of ASTF are shown in Figure 12.

In stage 1, the pressure and temperature distribution of ASTF are listed in
Tables 1 and 2. In fact, the lumped parameter model takes the pipeline between two
throttling components as a volume. Therefore, the pressure and temperature of each cross
section cannot be distinguished, and it is difficult to reflect the pressure and tempera-
ture gradients caused by expansion, bends, friction, and local obstacles. Conversely, the
quasi-one-dimensional flow model can overcome these limitations and calculate the airflow
parameters of the cross section where the real sensor is located. This lays the foundation
for using sensor data to optimize the system-level model.

N

Table 1. Pressure at different sections.

Pressure/kPa
Modeling Method
A B C D E F G H I
Lumped parameter 88.4 88.4 90 90 86.4 76.6 76.6 76.6 76.6
Quasi-one-dimensional 88.6 87.8 91 89.6 85.9 78.6 71.6 74.4 72.4

Table 2. Temperature at different sections.

. Temperature/K
Modeling Method
A B C D E F G H I
Lumped parameter 282.3 282.3 395.9 395.9 341.3 336.1 336.1 336.1 336.1
Quasi-one-dimensional 281.7 281.8 394.9 395.2 343 343.1 341 342.4 340.6

Select the equal-diameter straight pipeline at the outlet of ASTF and divide it into
91 nodes along the axial direction, as shown in Figure 12. When the opening of control
valve 2 changed, the pressure and temperature of each node began to change with time. It
can be seen from Figure 16 that the quasi-one-dimensional flow model can reflect the prop-
agation process of the airflow. This means that ASTF has a time-delay characteristic, which
provides a more realistic simulation environment for controller design and verification.
However, for the lumped parameter model, the properties of the airflow are assumed to be
instantaneously uniform in the pipeline, which cannot reflect the dynamic changes of the
airflow parameters in space. When the pipeline is longer, it will cause a larger deviation. In
addition, the flow characteristics of the airflow along the pipeline make the heat transfer
process have spatial distribution characteristics, which can more accurately simulate the
impact of the metal pipeline on the airflow energy.
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Figure 16. Pressure and temperature of each node. (a) Pressure change results; (b) temperature
change results.

5.2. Model Verification Based on Test Data

To verify the accuracy of the quasi-one-dimensional flow model, the data measured
by the sensors during the operation of ASTF were selected for simulation. The boundary
conditions were the pressure and temperature measured by the sensors located at air
sources 1, 2 and the air outlet. The valve opening measured by the displacement sensor was
used as the input of the control valve model. The initial state of the model was set according
to the ASTF system state at the beginning of the test data. The parameters to be compared
were the mass flow (measured by the flow tube at the outlet) and the mixer pressure. The
locations of these sensors are shown in Figure 12. In addition, for comparative analysis, the
above simulation conditions were also applied to the lumped parameter model established
according to Ref. [8], and the simulations were carried out.

The boundary conditions and valve opening are shown in Figure 17.

Boundary condition of air source 1 Valve opening of control valve 1
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Boundary condition of air source 2 Valve opening of control valve 2

Figure 17. Boundary conditions and valve opening.
The comparison result of the mass flow rate at the air outlet is shown in Figure 18.

Compared with the lumped parameter model, the simulation result of the quasi-one-
dimensional flow model is more consistent with the test data in the steady state and
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dynamic process. In fact, the quasi-one-dimensional flow model has pressure losses caused
by friction and cross-sectional area changes, resulting in different pressure distributions
in ASTE. This makes the pressure ratio of the throttling component different in the two
models, causing a difference in mass flow. It is worth noting that when studying the lumped
parameter model in the past, this error between simulation data and test data is usually
attributed to the inaccuracy of the control valve characteristic. However, the simulation
result here reveals the defects of the lumped parameter model. Compared with the test
data, the mass flow error results of the quasi-one-dimensional flow model are shown in
Figure 19. The steady-state relative error is less than 1.5%, and the dynamic relative error is
less than 2.2%.

240 T
PR ===Test data
230 -:-;'M ------ Lumped parameter model
r | = Quasi-one-dimensional flow model
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;‘ 8 et N VT et
2101220/ 3
=) -
2 60
2 190~
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Figure 18. Mass flow comparison result.
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Figure 19. Mass flow error. (a) Absolute error of mass flow; (b) relative error of mass flow.

Figure 20 shows the pressure comparison result of the mixer. The pressure dynamics
of the two models are basically consistent with the test data. Compared with the quasi-one-
dimensional flow model, the pressure error of the lumped parameter model is larger, and
the average pressure error is about 2 kPa, which is consistent with the simulation result of
Ref. [8]. The pressure error results of the quasi-one-dimensional flow model are shown in
Figure 21. In 20-65 s, the mass flow reaches the maximum, and the pressure error increases.
At 65 s, the rapid action of the control valve causes a large dynamic pressure change, and
the relative pressure error is less than 1.4%. In 65-200 s, the mass flow is relatively low, and
the relative pressure error is less than 0.6%.
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Figure 21. Pressure error of mixer. (a) Absolute error of pressure; (b) relative error of pressure.

6. Conclusions

In this study, a generic quasi-one-dimensional flow modeling method was used to
establish a numerical simulation model of ASTF. Thereafter, the simulation and verification
of the model were carried out. The main conclusions are summarized as follows.

(1) Compared with the lumped parameter model, the quasi-one-dimensional flow model
can simulate spatial effect and time delay of the airflow.

(2) The simulation results of the quasi-one-dimensional flow model are basically con-
sistent with the test data. The relative errors of mass flow and pressure are less
than 2.2% and 1.4%, respectively, further verifying the correctness of the proposed
modeling method.

(38) With the generic modeling method, the system-level model still has the form of a
staggered grid, and the properties of quasi-one-dimensional flow, such as spatial
effect and time delay can be easily addressed during the modeling process.

In the future, the friction factor and the minor loss coefficient will be calibrated through
the test data to further improve the model accuracy.
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Nomenclature

Flow area (m?)

Diameter of pipe (m)

Total energy per unit mass of fluid consists of the kinetic, potential, and internal energies (J/kg)
Friction factor

Convection heat transfer coefficient (W/m?/K)
Minor loss coefficient

Mass flow rate (kg/s)

Pressure (Pa)

Heat flow rate (W)

Reynolds number

Opening area of control valve (m?)

Time (s)

Temperature (K)

Internal energy per unit mass of fluid (J/kg)
Flow velocity (m/s)

Volume (m?)

Momentum (kg - m/s)

Ratio of specific heats

Density (kg/m?)

Pressure ratio

Flow coefficient

Surface roughness of the wall (m)

Work output of the fluid (excluding xflow work) (J)
Shaft work (J)

Work done by viscous force (J)

u,ze,_em-s SIS §<@:>~]wm§)o.‘3 3.»‘:‘\mo>

&
Q

Subscripts/Superscripts

do  Downstream port

i Index to denote motion parameter cross section
in  Inlet property

j Index to denote state parameter cross section
jun  Junction

k Number of outlet ports

m  Number of inlet ports

n Number of control volumes

out Outlet property

up  Upstream port
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