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Abstract. An inlet-engine altitude test facility for flight condition simulation is
modeled for the system dynamic performance improvement. The system model
equations are solved with an improved Euler integral method. To simulate the
interaction between the tested engine and the test bench accurately, a turbojet
engine module is introduced in the system model. By modeling and simulation,
a linear temperature compensation control algorithm based on the control error is
validated for feasibility; controller parameters optimization for cabin static pres-
sure stabilizing is also carried out. In this paper, some issues like temperature
transient performance and engine operate impact restraint on cabin static pres-
sure are discussed efficiently and economically. With the characteristics of high
efficiency and economy, the modeling and simulation tools are suitable for the
optimization of such systems.
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1 Nomenclature

The symbol name in the article is shown in Table 1.
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Table 1. Nomenclature in article.

A = area Cp = specific heat at constant pressure

CV = specific heat at constant volume Ct = response time factor

T = temperature C = heat capacity

F = force h = heat transfer factor

I = inertia Ke = enhancement factor

K = specific heat ratio Ma = Mach number

p = pressure ps = static pressure

Psch = test cabin pressure �p = pressure drop

PW = power R = gas constant

ts = simulation time step T = time

V = volume ν = velocity

Wa = mass flow α = flow coefficient

ρ = density λ = Velocity factor

ω = rotate speed ATF = altitude test facility

2 Introduction

In the development of aircraft, airframe inlet and engine compatibility evaluation is an
important issue. It has great advantages to make the compatibility evaluation in ground
altitude test facility (ATF), such as no risk of flight crash, much more measurement
probes allowed and wider flight envelope can be simulated than that in a real flight
platform.

Tomake the compatibility evaluation, both the inflow condition (including the inflow
total pressure, total temperature, inflow Mach, attack angle, slip angle) and the engine
exhaust environment pressure should be represented the same as that at flight condition.
The ATF is designed to implement this function by utilizing the air supply and exhaust
components (such as compressors, valves, pipes, chambers, air supply nozzles, coolers,
heaters etc.) and the control system for the whole facility [1].

The transient performance ofATFand engine can interact on each other. For example,
when the engine is accelerating, the intake plenum pressure will drop becausemoremass
flow is aspirated into the engine. Therefore, the lower density of intake plenum will
change the air-fuel ratio of the engine and change the transient performance. The ATF
and the propulsion system is dynamic coupled. It is detrimental for the test evaluation and
will provide incorrect test results of the engine performance. It’s necessary to decrease
the interaction between ATF and engine [2].

The traditional direct-connect altitude test facility only simulate the total pressure and
total temperature for the engine inlet, this is obviously different from that discussed in
this paper which can simulate flight Mach, flight attack angle and slip angle additionally.
Some old experience from the direct connect facility need assessment for applicability
[3].
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The modeling and simulation has been proved to be a useful tool to research the
transient performance of system like ATF [4].

3 Solution Method

In this paper, we use the lumped parameter method to describe the model behaviors.
Such control volumes have properties with no spatial dependence [4]. All the model
components are divided into three kinds: potential component, flux component and
function. Some components are listed in Table 2.

Table 2. Model component classification.

Potential component Flux component Functions

Such as: Pneumatic valve Controller

Pneumatic volume Flow resistance Ejector

Heat capacity Air supply free jet
nozzle

…

Inertia Cooler

… Heat resistance

The solver takes the following steps to calculate the whole system model. First, all
the potential components listed in Table 1 are initialized, and Flux component states
are calculated by formula (1), second, the potential component state derivative of time
are calculated using formula (2), Third, potential component state is updated using
integration formula (3) by improved Euler method. Then iteratively, the simulation is
marching through formula (1–3).

Fs = f
(∑

P_s,Func,F_p
)

(1)

dP_s

dt
= f

(∑
F_s,Func,P_p

)
(2)

P_s(t + �t) =
∫ t+�t

t

dP_s

dt
dt + P_s(t) (3)

P_p = potential component parameters, (such as volume size, mass, heat capacity…).
P_s = potential component states, (such as pressure, temperature, rotation speed…).
F_p= flux component parameters, (such as valve opening, pipe Roughness, resistance).
F_s = flux component states, (such as mass flow, heat flow, power output).
Func = functions, (define output/input relations).

An external engine model is introduced to represent the tested engine effect on
facility by using a couple interface to transfer simulation data. In the facility and engine
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model interface, the facility model transfers the total pressure and total temperature to
the enginemodel inlet, and the exhaust static pressure to the engine nozzle. Reversely the
engine model transfers the intake mass flow, the total pressure and the total temperature
after the low pressure turbine to the facility model to calculate the intake and exhaust
performance.

4 Modeling Approach

In this paper, an object oriented modeling method is used to construct the model, which
can provide better maintainability if physical equations of components need modifica-
tion, and this technology also makes it easier to change the structure of the systemmodel
consisted of many components. Object oriented modeling method canmake the physical
description of the components independent form each other, and use the connection to
transfer data between model components, similar to the physical connection in the real
world.

The fidelity of the whole system depends on the descriptions of all components. This
section will focus on the physical descriptions of the pneumatic components used in this
paper.

4.1 Volume Modeling

In order to achieve the pressure and temperature change in pipes, chambers, cabin,
an open system transient equation is introduced. Using Eq. (4), (5), the temperature
gradient dT/dt and the pressure gradient dp/dt can be calculated. In Eq. (4), (5), subscript
i represents different inflow or outflow ports connected with the volume. Q is the heat
flow into or out of the system in heat source ways RT.

dT

dt
=

∑i
1

(
cpTi − cV T

)
Wai + Q

pV × cV
RT (4)

dp

dt
=

∑i
1 cpTiWai
V × cV

(5)

When studying the temperature issue, the heat transfer between air flow and volume
container (such as pipe and other metal structure container) cannot be ignored. The heat
flow from air to steel can be calculated by Eq. (6) which will cause the steel temperature
increase or decrease, the heat transfer coefficient h is simplified to a constant. The heat
capacity Csteel is determined with steel mass and specified heat capacity as Eq. (7).

Csteel
dTsteel
dt

= Ah(Tair − Tsteel) = −Q (6)

Csteel = ρsteelVcsteel (7)
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4.2 Air Valve Modeling

The air valve is used to control the mass flow passed which is interrelated with upstream
pressure and the pressure ratio between upstream and downstream (Eq. (8)). The inlet air
density is another influence factor, for a single valve theminimumflowarea is determined
by valve opening. α is the flow coefficient, generally a function of valve opening. In this
paper, the minimum flow area is simplified to a liner function of opening and the flow
coefficient is constant.

To meet the demands of huge airflow, the supply and exhaust valve should be very
huge if just take one single valve in supply or exhaust leg. But the cost and weight will
raise rapidly with the size increase. So several small valve parallel connection is a better
choose. In the modeling, the valves in each parallel leg were simplified into one valve
with a total area equal to the sum of the areas of the individual valves.

Wa = αAminω
√
2pρψ (8)

ψ =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

√
k

k+1

(
2

k+1

) 2
k−1

if critical√
k

k−1

((
pout
pint

) 2
k −

(
pout
pint

) k+1
k

)

For the reasons of mechanic and hydraulic inertia, the valve action will lags behind the
controller command which orders the valve to open or close. To represent this delay, a
1-order process with time delay is utilized.

4.3 Free-Jet Nozzle Modeling

The free-jet air supply nozzle in the facility is used to generate supersonic or subsonic
flow which can sink into the airframe inlet inside. The mass flow swallowed from the
intake plenum by the nozzle can be calculated from Eq. (9), (10) in uncritical or critical
situation respectively.

Wa =

√√√√ k

R

(
2

k + 1

) k+1
k−1 ptotAt√

Ttot

(
k + 1

2

) 1
k−1

λ

(
1 − k − 1

k + 1
λ2

) 1
k−1

(9)

Wa =

√√√√ k

R

(
2

k + 1

) k+1
k−1 ptotAt√

Ttot
if critical (10)

The jet flow Mach number is another important attribute of free jet nozzle, which is
identified as the simulated flight Mach number as the airframe inlet faces. Generally
the airflow out from the nozzle will experience expansion or compression, only the area
at the nozzle outlet is with uniform Mach number distribution, which is known as a
diamond shape.

The uniform Mach number within the diamond area can be calculated by the algo-
rithm (shown in Fig. 1) for different pressure ratio range. The pressure ratio range
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boundary PR1, PR2, PR3 can be acquired by Eq. (11), (12), (13). Obviously all the
boundary is related to the ratio of nozzle throat area and outlet area. If the pressure ratio
between nozzle inlet total pressure and exhaust static pressure is lower than PR3, the
free jet nozzle will work at an uncritical status while the Ma all over the nozzle is less
than 1.0.

Fig. 1. Mach calculate algorithm.

q(λ) =
(
k + 1

2

) 1
k−1

λ

(
1 − k − 1

k + 1
λ2

) 1
k−1

(11)

π(λ) =
(
1 − k − 1

k + 1
λ2

) k
k−1

(12)

f (λ) = 4k

k + 1

(
λ2

k + 1 − (k − 1)λ2

)
− k − 1

k + 1
(13)

4.4 Mixer Ejector Modeling

In the cabin, only a small part of airflow from the air supply nozzle will be sucked into the
airframe inlet and into the engine. In this case, the spill flow of the rest with high speed
will flow through the cabin and mix with the main flow escaped from engine nozzle in
the gas collector, sometimes for cooling demand, some cold air from the atmosphere
will mingle into the flows. Total pressure loss and heat exchange will occur during the
mix process [5].

Therefore, the mass flow equation, momentum equation and energy equation is
introduced to calculate the mixer outlet total pressure and temperature. For a given
cabin static pressure, the mixer outlet total pressure is determined if other parameters
keep constant. It should be noticed here that the mixer outlet pressure is affected by
the exhaust system downstream, so the cabin static pressure, known as the simulated
environment pressure,will be affected in the sameway [6]. Thismodel inputs and outputs
are shown in Fig. 2.
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In Eq. (14–17), some simplifications are made, no friction and no heat exchange
between flow and mixer wall, mixer inlet static pressure is uniform, no pressure loss
for the spill flow from air supply nozzle to mixer inlet. In the calculation, the mixed
flow total temperature is obtain from Eq. (17), and then the mixed flow velocity can be
calculated with Eq. (15), (16), finally the total pressure of mixed flow can be get from
Eq. (14). After several iterations the correct cabin pressure corresponding to the existing
exhaust downstream pressure is achieved.

Fig. 2. Mixer model inputs and outputs.

Mass continuity

Wamain flow + Waspill flow = Wamix flow (14)

Momentum conservation

FA1 + FA2 + FA3 − Fmix − Fwall fric = (Wa · v)mix − (Wa · v)main flow − (Wa · v)spill flow
(15)

(Wa · v) + pA = Wa

(
v + p

ρv

)
= k + 1

2k
Wa ·

√
2k

k + 1
RT ∗ ·

(
λ + 1

λ

)
(16)

Energy conservation
(
Wa · cp · T ∗)

main flow + (
Wa · cp · T ∗)

spill flow = (
Wa · cp · T ∗)

mixed flow (17)

4.5 Engine Modeling

The transient engine model is adopted from Gasturb [7, 8], the engine inlet pressure
and temperature is coupled with the air supply nozzle outlet parameters, and the engine
exhaust static pressure is coupled with the cabin static pressure. On the contrary, the
engine calculated intake mass flow, exhaust pressure, exhaust temperature and total
exhaust mass flow is transferred to the facility model. So the interaction between the
facility and engine can be simulated in this way.
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In the model, the volume effect of engine component is ignored. And power balance
between turbine and compressor is list as Eq. (18). The control system is active which
employ PID type controller as well [7]. Other detailed thermodynamic descriptions of
the gas engine will not be discussed here.

PWcompressor = PWturbine − dn

dt
nIspool (18)

4.6 Other Components Modeling

Some other components used in the simulation such as Cooler, Controller are simplified
and will be briefly introduced here. As a function of inlet temperature and mass flow, the
cooler pressure drop is modeled with flow resistance which is fitted with test data. The
heat transfer is not involved in the calculation and the cooler outlet temperature is set to
a constant value. The controller used in this paper is a standard feedback circuit, firstly
the difference between the target and the measured parameter is transformed to range −
1~1, then a standard PID function transformed the signal, after another transform block
the signal is rectified to range 0~1 [9].

5 Transient Performance Improvement

In this paper, a free jet ATF system concept is presented in Fig. 3 and is modeled. The
cold flow and hot flow is supplied into volume PA1, PA2, and valve VA1, VA2 handle
the pressure control of PA1 and PA2. Valve VB1 and VB2 handle the mass flow control
of that flow into the volume PI. The free jet nozzle inlet total pressure is control with
valve VS1 and the test cabin static pressure is controlled by valve VC. The PC and PE
represent the volume after the test cabin and volume before the exhaust pressure. Valve
VE make the exhaust compressor working at suitable pressure ratio condition. With
this model concept, the test transient operation and the corresponding requirement for
both the facility configuration and control algorithm are evaluated to simulate the flight
condition as accuracy as possible [10].

5.1 Transient Air Supply Temperature and Pressure

Transient pressure and temperature control is applied with valve VB1, VB2, VS1, of
which VB1 handle the air supply hot leg, VB2 handle the cold leg, VS1 handle the
pressure of chamber PI. TheVB1 andVB2 control the hot/cold airflow ratio that supplied
into the chamber PI, by changing the airflow ratio the temperature of PI is changed. The
mass flow control target of VB1 and VB2 is calculated with the free jet air supply nozzle
mass flow requirement. VS1 is a leak valve so the pressure of chamber PI can be hold
constant or changed as expected while the inflow changing. The VB1 and VB2 valve is
used to keep the supply pressure of each leg constant, so as to the mass flow control by
VB1 and VB2 is only related to valve minimum flow area. This is a basic concept of air
supply system.
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Fig. 3. Free jet test facility concept.

To control the intake plenum temperature, the former temperature control algorithm
is to control the VB1 and VB2 mass flow following energy equation, WaVC1, WaVC2 is
the mass flow through valve VB1 and VB2, TVC2, TVC2 is the supply air temperature of
different leg. WaASN is the needed air flow of air supply nozzle. For demand of intake
plenum pressure control, the total supplied air flow from two legsWaVC1 +WaVC2 must
be more than the air supply nozzle needed, so a factor Kair (less than 1.0) is introduced
to scale the mass flow ratio.

WaVC1TVC1 + WaVC2TVC2 = (WaVC1 + WaVC2)Ttarget (19)

WaVC1 + WaVC2 = WaASN /Kair (20)

Because of heat transfer between steel structure(pipe, valve, plenum chamber) and air
flowwhen their temperature is different, when the simulated temperature need a shift, the
real temperature transient will slow than expected. To evaluate how worse this problem
will be, a transient test process which represents flight acceleration fromMach 0.8 to 1.2
at altitude 11 km is simulated as shown in Fig. 4. The difference is big in temperature
raise slope, for the model with heat transfer, obvious lag in temperature can be observed.
The heat capacity of steel structure and heat transfer coefficient used here is in normal
range by existing altitude facility [11].

To improve the transient performance of temperature control, a linear temperature
target fixed method is used in the temperature algorithm, the basic concept is to change
the temperature control target in Eq. (21) based on the existing temperature lag, shown
in Fig. 5.

Ttarget = Texpect + Kfix
(
Texpect − Treal

)
(21)

Using the improved algorithm, the same simulation is carried on. As can be seen in
Fig. 6, the temperature transient control error is reduced to 1°. Here the Kair is set as 4.0
which means four times of the temperature error is compensated into new fixed target.
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Fig. 4. Comparison between models with or without heat transfer

Fig. 5. Linear temperature target fixed method

Fig. 6. Transient temperature performance
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If the error between target temperature and real one is big at initial time, the vibration
may happen due to too much disturbance to the inflow mass, in this case, the algorithm
should be disabled temporarily.

5.2 Engine Exhaust Static Pressure Stabilizing

Exhaust system is consist of mixer, cooler, exhaust valve, exhaust pressure stabilize
system, exhaust compressor. The exhaust valve VC controls the airflow go through,
so the pressure downstream of the cooler will be affected, as the distribution spread
upstream the cabin static pressure is affected too, just as described in mixer modeling.
The final result is the VC can control the cabin static pressure. From the cabin to valve
VC, the system transient performance is complicated because of mixer-cooler-volume
feature is linked together that will inevitably bring in time delay in system dynamic
response.

When the engine is operating (accelerate or decelerate) in the free jet altitude test
[12], the engine mass flow, pressure and temperature leaving the turbine (p6 and T6) will
change rapidly. The momentum and energy of engine exhaust flow and spill flow from
the ASN will change accordingly, which will result in test cabin static pressure wave.
And the exhaust control system should recover the pressure as soon as possible, and no
oscillation occurs [13].

To evaluate how bad will the cabin static pressure diverge from the target, a facility
simulation is carried out with engine model. The simulated altitude is 9 km. After
the system is stable, the engine power level is pulled up and down, the main engine
parameters in the acceleration and deceleration is shown in Fig. 7. The mass flow varies
from 70 kg/s to 106 kg/s.

With higher power level, the total momentum and heat into the mixer will raise
and as a result the cabin static pressure will drop to fill more spill flow into the cabin
for balancing the ejection effect. The change of cabin static pressure (Psch) is shown
in Fig. 10, and the deviation is about 5% with the configuration in use. The valve VC
opening and VC inlet pressure is also shown in Fig. 10. With higher engine power level,
the ram effect of entire exhaust is higher and valve VC will close to reduce the mass
flow passed by to keep the Psch stable.

In the real altitude engine test, the Psch deviation should be as lower as possible and
recover to initial target as soon as possible. This can be achieved by optimizing the PID
controller for a certain facility setup [14].

By decreasing the integrate time factor, the pressure deviation is suppressed obvi-
ously. But too small integration time will lead to vibration when the �Psch

/
�m is big,

such as when a small diameter mixer is used. So a carefully look should be taken into
the control system configuration for compatibility with facility. On the other hand, the
modeling and simulation ways in this paper are good tools to do that.
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Fig. 7. Engine operation and the corresponding cabin static pressure history

6 Conclusion

With the modeling and simulation, more detailed information about the free jet altitude
test facility can be get from the analysis. Some existing problemcanbe exposed, solutions
can be evaluated before the real one is built. Even some concepts can be simulated
with no harm. In this paper, some issues like temperature transient performance and
engine operate impact restrain on cabin static pressure are discussed in an efficient and
economical way. More transient performance improvement will be gained with further
work in the near future.

There are also lots of test facility issues can be analyzed, this paper cannot cover
all these issues, but it’s shown as a useful tool to evaluate different concept designs.
Not only for control system design and optimization, but also for facility component
improvement.
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