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High altitude simulation tests are of great importance for missile systems to be tested on
the ground in their working altitude pressure environment. These altitude simulation
tests of tactical missile systems particularly at supersonic speeds need ‘High Altitude
Test System’. The missile systems can be tested in two different ways of external flow
over the missile systems using the free-jet nozzle at different Mach numbers and the
nozzle of the missile system itself. The ‘HATS’ consists of a test chamber that isolates
the test article from the outside atmosphere and simulates the high altitude environment.
Typically, the test article is installed inside the test chamber through appropriate support
systems. This thesis focused on the effects of blockage of the test articles that have
different area ratios for determination of the working characteristics of the ‘HATS’. The
blockage ratios were chosen as 8%, 15% and 25% according to the exit area for two

different free-jet nozzles, ‘Mach 2 and Mach 2.5’. Vacuum test chamber for different



blockage area ratios has been studied for cold flow conditions with experimental and
CFD analyses. Within the framework of the cold flow tests, Schlieren images were
recorded with high speed camera and static pressures and temperatures of the test
chamber were also be collected. Results from experimental tests and numerical analyses
have been compared in terms of both test chamber pressure and Schlieren images. In the
first case, the CFD analyses have been performed to simulate the flow conditions inside
the modified ‘HATS’ facility without any test article in the test section and in the
second case, the CFD analyses have been performed for the test articles inside the test
chamber with different blockage areas. The working characteristics of the ‘HATS’ have
been determined according to the different blockage ratios by using experimental results
and experimental results have been used both as inputs to the CFD analyses and CFD

analyses corrections.

Keywords: High Altitude Test System, Test Chamber, Altitude Simulation, Blockage,
CFD Analysis, Schlieren Imaging



OZET

YUKSEK iRTIiFA BENZETIM SiSTEMININ KAPALI SERBEST-JET TEST
BOLUMU ICERISINE YERLESTIRILEN FARKLI GEOMETRILER iCiN
BLOKAJ DOGRULAMA CALISMALARI

Halil ARSLAN

Yiiksek Lisans, Makina Miihendisligi Boliimii
Tez Danmismani: Do¢. Dr. Bilsay SUMER

Es Damisman: Dr. Biilent SUMER

Eyliil 2021, 145 Sayfa

Yiiksek irtifa benzetim testleri, flize sistemlerinin ¢alisma irtifa basing ortamlarmnda
yerde test edilmesi i¢in biiyiik 6nem arz etmektedir. Taktik fiize sistemlerinin 6zellikle
siipersonik hizlarda yapilan bu irtifa simiilasyon testleri, “Yiiksek Irtifa Test” sistemine
ihtiyagc duymaktadir. Test diizeneginin serbest-jet lilesi kullanilarak farkli Mach
sayllarinda flize sistemlerine dis akis saglanmasiyla ve fiize sistemlerinin kendi
lilelerinin test diizenegi igerisinde test edilmesiyle iki farkli sekilde test imkani
bulunmaktadir. “Yiiksek Irtifa Benzetim Sistemi”, icerisine konulan test kalemini dis
atmosfer kosullarindan izole ederek, irtifa kosulunu benzeten test odasindan
olugsmaktadir. Test edilecek kalem bu test odasina uygun baglant1 elemanlar1 yardimiyla
sabitlenmektedir. Bu tez kapsaminda, benzetim sisteminin c¢aligma karakteristigini

belirlemek amaciyla, farkli kesit alanlarina sahip test kalemlerinin blokajlarmin etkileri



incelenmektedir. ki farkli serbest-jet liilesi, ‘2 Mach ve 2.5 Mach’ i¢in; blokaj oranlar1
her bir liilenin lile ¢ikis kesit alanmna gore %8, %15 ve %25 olarak secilmektedir.
Vakum test odasi, tiim bu farkli blokaj test kalemleri i¢in soguk hava kosullarinda hem
deneysel hem de “Hesaplamali Akigkanlar Dinamigi” analizleri yardimiyla
calisilmaktadir. Deneysel testler kapsaminda, hizli kamera ile Schlieren goriintiileri
kaydedilmekte, test odasi statik basing ve sicaklik degerleri dlglilmektedir. Deneysel
testler ve niimerik analizlerden elde edilen sonuclar hem test odasi basinci hem de
Schlieren goriintiileri  kapsaminda karsilastirilmaktadir. “Hesaplamali  Akiskanlar
Dinamigi” analizleri ilk olarak test odasinda herhangi bir blokaj olmadigi durumda
yapilmaktadir. Daha sonra, farkli blokaj oranlarindaki test kalemlerinin test odasina
yerlestirilmis durumlari i¢in tekrar edilmektedir. “Yiiksek Irtifa Benzetim Sistemi’nin
deneysel testlerden elde edilen sonuglara gore caligma karakteristigi belirlenmekte ve
deneysel testlerden elde edilen bu sonuclar hem “Hesaplamali Akiskanlar Dinamigi”
analizlerine girdi olarak kullanilmakta hem de analiz sonuglarinin dogrulanmasinda

kullanilmaktadir.

Anahtar Kelimeler: Yiiksek Irtifa Benzetim Sistemi, Test Odasi, Irtifa Benzetimi,

Blokaj, Hesaplamali Akigskanlar Dinamigi Analizi, Schlieren Goriintiileme
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4 Specific Heat Ratio
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1. INTRODUCTION

1.1. Motivation

High Altitude Test System, ‘HATS’ has an important role to simulate the flight
atmospheric conditions for aircrafts and missile systems by creating pressure of desired
test altitude for ground level testing especially at supersonic speeds. Simulation of the
atmospheric pressure is the main focus of the test system and the simulation of the
temperature is achieved by other relatively simple solutions like using heat sources to
produce the aimed heat flux [1].

High altitude testing is performed simply in two alternative ways in the sense of
simulating vacuum pressure environmet of different altitudes. First, nozzle itself can be
tested in ground level that are used in missile systems or orbital movements of satellites
and high altitude vehicles. Second, the aerodynamic tests can be executed using the
free-jet nozzle to supply external flow over the test articles. Free-jet nozzles are
designed for different Mach number test conditions. For both purposes, it is desired that
the exit area of the nozzle used should be as high as possible. And any flow separation
on the divergent section of the supersonic nozzles are not desired. Nozzle full flow
condition must be satisfied while maintaining the vacuum pressure environment. Thus,
larger nozzles and larger test articles can be tested in the vacuum pressure atmospheric

environment on the ground.

A ‘High Altitude Test System’ has been previously designed in TUBITAK-SAGE
without taking into account the blockage effect of the test articles that shall be tested
inside the test chamber [2]. The main motivation of this thesis study is to study the
effect of the blockage due to predefined test articles, which have different blockage
ratios, by using experimental and numerical methods. The blockage effect has been
studied for two different Mach numbers with three different test articles. It is shown that

the blockage effect of the test articles changes working characteristics of the HATS.



1.2. High Altitude Test System

The main purpose of the ‘High Altitude Test System’ is to fulfill the requirement of the
nozzle full-flow situation without any separation at the free-jet nozzle exit by
maintaining the free-jet nozzle exit pressure equal or higher than the test chamber
pressure. HATS shall generate this adequate low pressure situation inside the test
chamber for performing high altitude testing flight situation [2]. HATS basically
consists of an air storage tank, an air heater to heat the air before the free-jet nozzle, a
test chamber for placing the test articles inside and a system for reducing pressure inside
the test chamber to a determined value for successful operation of the free-jet nozzle. In
order to create the aimed pressure levels inside the test section, an ‘Ejector Diffuser
System’ is used which is given in Figure 1-1 schematically.

Free-Jet Nozzle Ejector Nozzle
Compressor .
Air Storage Air Heater —=
Tank

Dryer

Test
Chamber

Diffuser Ejector

Figure 1-1. HATS with Ejector Diffuser System.

The ‘Ejector Diffuser System’ is opened to the atmosphere. Ejector is employed to pull
air out of the test chamber. The test article is placed inside the test chamber through a
supporting mechanism. The test articles like cones, hemisphericals or special nosecone
geometries that have different blockage area ratios can be tested inside the test chamber

at different test chamber pressure conditions.



1.2.1. Test Chamber and Diffuser System

Test section shown in Figure 1-2 is called as ‘Enclosed Free-Jet Test Section’ or ‘Open
Test Section’ based on the structure of the free-jet nozzle and diffuser system.

TEST SECTION

——> Free-Jet Nozzle

|__/\|'=> Secondary Flow
L e S
< N N
™~ 7N -~
Test .
Diffuser

Chamber

Figure 1-2. Enclosed Free-Jet Test Section.

The size of the test chamber does not affect the test setup performance at steady state
operation, but it only matters in the transition period. So, the size of the test chamber is
first defined in the design process of the HATS facility according to the test articles and
measurement instrumentation requirements like Schlieren imaging or high speed camera
usage. Once the size of the test chamber is determined by the prementioned
considerations, the diffuser inlet area has to be stated. The higher diffuser inlet area
means use of nozzles with larger exit area or lower test chamber pressure for nozzles
with the same exit area. The basic design of the diffuser is called as constant-area
exhaust diffuser system as shown in Figure 1-2. This system can also be used without
ejector system after it. There is also another type of the diffuser system that is called
second throat exhaust diffuser system. Both of the diffuser systems only use the
momentum of the exhaust of the rocket nozzles or free-jet nozzles to lower the test

chamber pressure.



Pressure and temperature data are collected by using proper meters installed up on the
wall of the test chamber given in Figure 1-3.
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Figure 1-3. Detailed View of the Test Chamber.

Test region is also monitored through proper viewing window covering the free-jet
nozzle exit and test articles. Plexiglass plates are generally used for monitoring the test
chamber and quartz plates can also be used for a better view and high temperature
applications. Sealing is a problem for vacuum pressure environment inside the test
chamber. The test chamber wall material is chosen as steel to protect the outer
environment in case of any failure and because of pressure-proof feature. The test
chamber can be cooled with the help of water channels around for hot flow applications

and it also has cable and pipe entry ports on the wall extending to the inside.



1.2.3. Ejector System

Ejectors can be thought of as simple pumps that are often used instead of some more
complex rotary or reciprocating compressors where relatively hot combustion products
exhausted from rockets or turbine engines are processed. The working principle of
ejectors is based on momentum interchange in the boundary layer between a high
velocity primary air flow and a low velocity secondary air flow [3]. The ejector system

is given in Figure 1-4 schematically.

EJECTOR SYSTEM
—> Ejector Nozzle

|——2 e ]
= = Primary Flow
/

< ~
™~ ~

Ejector

Figure 1-4. Ejector System with Own Separate Nozzle.

Actually, nozzle of a rocket engine or a turbine engine behaves as an ejector system
using high speed gases from exhaust to draw air flow around itself for lowering the
pressure inside the test chamber [3]. In Figure 1-4, ejector system has its own separate
nozzle to lower the test chamber pressure for successful starting of the free-jet nozzle.
Nitrogen gas or air are generally chosen as the primary flow for the ejector system.
Ejector nozzle inlet is generally driven from the pipeline diverted from the main
pipeline before the free-jet nozzle. Ejector system may consist of multiple ejectors
arranged in a row. This multiple ejector system is employed to achieve lower pressure
situation inside the test chamber. The diameter of the ejector system is determined
according to the sum of the primary and secondary mass flow rates and that’s exactly
why an increase in the inlet total pressure of the ejector nozzle after fixing its optimum
value generates an increase in the back pressure and an increase in the test chamber

pressure as a result as well.



Ejectors have two major operation modes known as ‘started and unstarted mode’. In
Figure 1-5, it can be seen that ‘State 1’ indicates the unstarted mode and ‘State 3’ is the
started mode.

Pre
Pt

2
Pt

Static Pressure
Nozzle Total Pressure

pNozzle and Ejector Started |
T 0
\ by
-5
£
N b
Pe
Pt

| = i

(2)Nozzle Started, Ejector Unstarted

Pex

Pt

Figure 1-5. Operation Modes of the Ejector System [4].

While the ejector nozzle pressure increases, the flow accelerates from stagnant state
which causes a decrease in static pressure shown as ‘State 1’ in Figure 1-5. When the
ejector nozzle total pressure further increases, nozzle and ejector reaches the started
mode and the pressure drops abruptly shown as ‘State 3’ in Figure 1-5 [2]. Once the
ejector is started, further increase in pressure of the ejector nozzle increases the
secondary flow pressure. Hence, the ejector nozzle will be considered as working at its
optimum nozzle condition to help start free-jet nozzle satisfying lower pressure
environment inside the test chamber. During CFD analyses and experimental tests, the
ejector nozzle starting phenomena will not be covered and directly assumed as working

in started mode.



1.3. Literature Survey

Rose et al. [5] have used the installed test setup presented in the testing facility for
conducting aerodynamic simulation experiments with and without test articles under
different operating conditions. The design process sequence of the HATS facility is
given in Figure 1-6.

Nozzle Design According to the Desired Flow Conditions

\
Realization of High Speed Test Section

\
Test Model Holding Mechanisms

\
Diffuser & Ejector Design

Figure 1-6. Design Procedure of HATS [5].

Mach 2.5 free-jet nozzle was designed by using Method of Characteristics, ‘MOC” and
numerically solved with perfect gas assumption for inviscid flow in 2D. According to
the configuration of the test chamber, the free-jet nozzle and diffuser are placed with a
specific distance between inside the enclosed free-jet test section of a subscale HATS
facility. The flow simulation was performed for two cases, i.e with and without the test
article. The solution domain of the test chamber and diffuser system is given in Figure

1-7 and the subscaled rocket test specimen is given in Figure 1-8.

0 S00 1000 (mm) Z Y
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Figure 1-7. Solution Domain and Boundary Conditions for Test Section of HATS [5].
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Figure 1-8. Subscaled Rocket Test Article [5].

Ejector section was not considered to analyze all different test conditions to lower the
computational time because it is known that ejector nozzle is working at its optimum
condition as designed. Hence, solution domain can be kept small from the beginning of
the free-jet nozzle and the exit of the test section diffuser. In CFD analysis, an
appropriate k- model for turbulent flow with pressure boundary conditions at free-jet
nozzle inlet and diffuser outlet was used with Navier-Stokes equations combine
conservation equations of mass, momentum and energy.

German and Bauer [6] have obtained such a result that 2D axisymmetric CFD analyses
for ejectors are not sufficient in the results with error below 10% mostly and 20% in the
largest compared to the experimental results. It was stated that there is a need for
performing 3D CFD analyses in the future. Hence, CFD analyses are performed in 3D

with half model because of the symmetry in this thesis.

Back pressure effect on the flow coming from the rocket nozzle as secondary flow has
been worked by using numerical analyses. It was concluded that by lowering the back
pressure, the shockwave moves away from the rocket nozzle and helps to create vacuum
pressure inside the test chamber [7]. Hence, once the ejector starts to work, further
increase in pressure of the ejector nozzle increases the back pressure of the test section

diffuser used for the outlet boundary pressure condition in CFD analyses in this study.



Pruitt and Bates [8] have conducted an experimental research to identify the test
rhombus characteristics of two-dimensional supersonic free-jet nozzle with Mach
numbers of 1.7, 2.5 and 3.3. The four different free-jet nozzle-diffuser system
installation concepts with test articles each illustrating several problems in the starting

period of the free-jet nozzle as shown in Figure 1-9 were analyzed.
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Figure 1-9. Free-Jet Nozzle-Diffuser System Installation Concepts [8].

The main purpose of the investigation was to determine the effect of the free-jet nozzle
and test article placements on the characteristics of the free-jet nozzle starting period
and to identify the test rhombus capability for these different configurations. The test
chamber used for the research was capable of almost 4800 Pa vacuum pressure. The
blockage ratio for Mach 1.7 in the range of 24-40%, for Mach 2.5 in the range of 34-
67% and for Mach 3.3 in the range of 40-59% were tested succesfully.

Czysz [9] has conducted an experimental study about the blockage effect on the
working characteristics of the test setup for different test articles like cones, flat plates,

hemisphericals up to 40° angle of attack with up to Mach 4 in the test facility given in

Figure 1-10.
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Figure 1-10. High Temperature Hypersonic Gas Dynamics Facility [9].

Schlieren photographs were also collected during the tests for different test articles at

different flow conditions and example Schlieren images are given in Figure 1-11.
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Figure 1-11. Schlieren Images of Some Typical Test Articles [9].
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Effect of the test article on the test chamber pressure has been investigated during the
research and some obtained results are given in Figure 1-12.
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Figure 1-12. Effect of Test Article on Test Chamber Static Pressure [9].

Daniel [3] has improved the computer model to validate facility control systems during
operation of the facility and compared the results with experimental test results. The
started and unstarted modes of ejector were simulated by the model. Experimental test

results and effect of the blockage on the test chamber pressure are given in Figure 1-13.

psia/psia (non-dimensionalized)

! St i H 0 a1 02 03 04 05 0k 07 0z 09 1

Seconds from START effective blockage area / total flow area

Figure 1-13. Test Results and Blockage Effect on Test Chamber Pressure [3].

It was concluded that real gas approach only diverges from the ideal gas during the
early times of the operation of the ejector. In steady state, test chamber pressure for both

real and ideal gas modelled ejectors gets closer to each other shown in Figure 1-14 [3].
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Figure 1-14. Test Chamber Pressure for Ideal and Real Gas Modelled Ejectors [3].

It is obvious that real gas deviates from ideal gas at high pressures and low
temperatures. Hence, CFD analyses in steady state can be performed for ideal gas
modelled free-jet nozzle flow in this thesis.

Bauer et al. [10] have conducted a performance analysis for the test facility with the
chin inlet of a ramjet missile test article. The most important topics of the study were
the position of the test article, performance prediction of the diffuser at starting and
steady state operation for the test articles located with 0° and 11° of angle of attack. The

basic test article and supporting mechanism are shown in Figure 1-15.
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Figure 1-15. Test Article and Supporting Mechanism [10].
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The test specimen is 3.5 inches in diameter and has a 2.92 von Karman forebody. The
support of the test article has an aerodynamically shaped to minimize the extra drag
caused by itself and a blocking area equal to around 14% of the frontal area of the test
article. The free-jet nozzle, diffuser and the blockage test article are subscaled to
20.67% of the full scale models.

They have found that the pressure fluctuations are present during the start-up period but
the fluctuations in the flow over the test article is lowered during operation. They have
commented that these disturbances can be caused by the difference between the
pressure of the free-jet nozzle exit and test chamber and also by excessive blockage
ratio. In practice, the maximum test chamber pressure is determined according to the
free-jet nozzle full flow condition, but the minimum test chamber pressure is limited
either by the jet plume of the free-jet nozzle or the phenomena of base flow. This

condition is shown in Figure 1-16.
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Figure 1-16. Minimum Test Chamber Pressure Limits: (a) Jet Plume Limit, (b) Base
Flow Limit [10].
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Kumaran et al. [11] have researched the effects of both geometrical and operational
parameters on the performance of the second throat ejectors for HATS. That ejector
system is utilized to achieve low vacuum pressure environment inside the test chamber
for rocket motors with high nozzle area ratios. The study has shown that primary flow
provided by the ejector nozzle just plays a supporting role when the rocket motor is in
operation mode. Hence, the desired low pressure environment can be sustainable by the
rocket motor nozzle exhaust itself. The HATS with second throat ejector system is

given in Figure 1-17.

Vacuum Test _
Ejector Nozzl
Chamber jector Rozzle

= — 1

—— Exhaust Spray [ ; = N, as Primary Flow
H
.l — e .
) - Cali) -
Diffuser Spray Cooler Ejector

Rocket Motor

Figure 1-17. Sketch of a High Altitude Test System Facility [11].

It also has been found that there is a critical value for the primary flow of the ejector to
lower the test chamber pressure and for flow rates lower or higher than this critical
value, the test chamber pressure is affected adversely and the optimum condition is not
satisfied. This situation is also taken into account in this thesis and the same amount of
air flow is supplied to the ejector nozzle at each test condition. The boundary conditions

used in the numerical analyses for ejector system is given in Figure 1-18.
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Figure 1-18. Boundary Conditions for Ejector System [11].
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In the study, it is also observed that there is a spray cooler section of the test setup
before the ejector section to cool down the high temperature exhaust of the rocket
motor. In numerical analyses, the water vapor and rocket motor exhaust were both used
as a mass flow inlet boundary condition for ejector system. The temperature must be
below 3000 K for many compressible flow applications to assume perfect gas with
constant properties. The assumption of perfect gas was also used in the study because it
was stated that the stagnation temperature is almost 3500 K in the test setup [11].

Fernando et al. [12] have studied the performance of the diffuser system numerically for
various back pressures. The ejector system consists of two ejectors arranged in a row. It
is assumed that the ejector system works to provide different pressure values to analyze
the diffuser system for a high area ratio nozzle numerically. The supersonic nozzle with
area ratio of 114 was designed for altitude control of a satellite. The boundary

conditions used in the numerical analyses for diffuser system is given in Figure 1-19.

Wall Wall

Pressure — : : Exhaust Pressure

Inlet Outlet
| Wall Wall

Figure 1-19. Boundary Conditions for Diffuser System [12].

The effect of the back pressure that is controlled by the pressure outlet boundary
condition was analyzed numerically. This boundary condition is also used for numerical

analyses of the diffuser section of the test setup in this thesis.

The design process of the high altitude test facilities for rocket engines ground level
tests and the general working principles have been mentioned in the study [13]. The
main problem area can be found as the exhaust gas handling and to achieve the desired
pressure level before and after the test firings of the rocket engine. The pressure rise
ratio, P,,./P. according to the ratio of the diffuser duct area to the rocket motor throat
area was calculated for both hot and cold flow applications of rocket motor and the

obtained data is given in Figure 1-20.
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Figure 1-20. Performance of Simple Cylindrical Ejector-Diffuser System [13].

The result of the study is that the performance of the diffuser is severely affected by the
ratio of the length to diameter of the diffuser up to 6. Because of this importance of the
ejector-diffuser system, attention was given to the improvement of the diffuser
performance. The performance improvement in terms of pressure rise ratio for different
diffuser duct entry designs is shown in Figure 1-21.

a. BASIC CYLINDRICAL DIFFUSER b. CONTOURED INLET DIFFUSER
PERFORMANCE IMPROVEMENT PERFORMANCE |MPROVEMENT
RATIO: 1.0 RATIO: 2-4

TO AUXILIARY
PUMPING SYSTEM
¢, SECOND THROAT DIFFUSER d. BOUNDARY LAYER REMOVAL
PERFORMANCE IMPROVEMENT DIFFUSER PERFORMANCE
RATIO: 1.5-2.0 IMPROVEMENT RATIO: 2 - 10

Figure 1-21. Schematics of Refinements to Cylindrical Ejector-Diffuser System [13].
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If the performance improvement ratio is taken as 1 for basic cylindrical diffuser, the
ratio can be increased up to 4 by just changing the entry duct geometrically and up to 10
by using auxiliary pumping system. In this thesis, there is a basic cylindrical diffuser

system in the HATS setup which is examined both experimentally and numerically.

Kronmueller et al. [14] have shown the capability of the test facility and the
measurement techniques like infrared camera and color Schlieren method used to obtain

visual results during the experiments. The test facility is given in Figure 1-22.

Figure 1-22. P6.2 Cold Gas Subscale Test Facility [14].
The specifications of the subscale test facility is given in Table 1-1.

Table 1-1. Specifications of the Test Facility.

Test Chamber Pressure without Ejector System < 4000 Pa
Test Chamber Pressure with Ejector System < 2500 Pa
Free-Jet Nozzle Mass Flow Rate 2.8 - 4.2 kgls
Ejector Nozzle Mass Flow Rate 2.8 - 4.2 kgls
Free-Jet Nozzle Inlet Pressure 40 — 60 bar
Ejector Nozzle Inlet Pressure 40 — 60 bar
Length of the Test Chamber 1000 mm
Diameter of the Test Chamber 800 mm
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As seen from Table 1-1, the test chamber pressure is lower than 4000 Pa and 2500 Pa
without and with ejector system, respectively. Nitrogen gas was used for both ejector
nozzle flow and free-jet nozzle flow. Mass flow rates of the free-jet nozzle and ejector
nozzle are around 2.8 kg/s similar to the test setup used in this thesis.

Different types of the free-jet nozzle and diffuser system were tested in the test facility.
Hence, the mathematical model was also verified by the comparison of the test results
with the calculated ones. The flow pattern of the free-jet nozzle plume was also visually
obtained by using color Schlieren method as a capability of the test facility. Color
Schlieren method is an easier way to distinguish the differences in the flow than
monochrome Schlieren method. Example images obtained using color Schlieren method
are given in Figure 1-23.

Figure 1-23. Color Schlieren Images of a Free-Jet Nozzle [14].
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In this study [15], starting phenomena of the two-dimensional supersonic ejector for
different inlet pressures of the air has been investigated experimentally. The result is
that when the pressure of the ejector nozzle is on the critical pressure value, the
shockwaves oscillate back and forth inside the ejector and this causes fluctuations in the
pressure data. Then, if the pressure is higher than this critical starting pressure, the
ejector starts and the pressure is lowered, the shockwaves inside the ejector have a
lesser degree of oscillation and this causes also lesser fluctuations in the pressure data.
This situation can be seen in Figure 1-24 as pressure oscillations for start and unstart
status.

100
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60— T T 1 unstart status
U et e e o

40
30 1

')[:, ' start status _
10 - I { | \ ! ! ! /L | |

() . | |
40 4550 55 60 6570 7580 85 9.0 9510.0
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Figure 1-24. Test Section Diffuser Pressure [15].
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2. EXPERIMENTAL INVESTIGATION

2.1. Introduction

The experimental test setup, test articles and supporting mechanism, measurements
made during tests and Mach 2.5 free-jet nozzle design process are given in this chapter,
respectively. The experimental test results are also given in the final section of this

chapter.

The HATS setup which was already established in TUBITAK-SAGE is explained in
detail in Section 2.2.1. The blockage test article and its supporting mechanism design
and installation process inside the test chamber is also covered in Section 2.2.2.
Measurement parameters and techniques are given in detail in Section 2.2.3. Studies to
determine Mach 2.5 free-jet nozzle dimensions are given in Section 2.2.4. The
experimental test results and example of the data sampled during tests for a specific test
condition are finally given in Section 2.3.

2.2. Experimental Test Setup
In the scope of this study, the test section will be studied experimentally and

numerically. Test section is given in right-side view and isometric view in Figure 2-1

and Figure 2-2, respectively.

Figure 2-2. Test Section Isometric View.
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Ejector system is considered as working at its optimum condition to lower the test
chamber pressure as required to help start the free-jet nozzle. Hence, the ejector system
after test section is not studied deeply and pressure outlet bundary condition will be

given to the exit of the test section given in Figure 2-1.

Test section with test article and support mechanism can be seen in Figure 2-2. As seen,
the test article does block the free-jet nozzle exit. Experimental tests and CFD analyses

will be performed with and without test articles in this study.

2.2.1. TUBITAK-SAGE HATS Setup

‘TUBITAK-SAGE Test Setup’ was established in 2019 under another thesis about
design parameters of the ‘High Altitude Test System” which is given in Figure 2-3 [2].

Figure 2-3. TUBITAK-SAGE Test Setup.

The test facility can supply most 2 kg/s for free-jet nozzle and 3 kg/s for ejector nozzle
operation. The air is compressed to the air storage tank and also dried before entering
the air storage tank. Some air after storage tank is also diverted from the main pipeline

to the inlet of the ejector nozzle.
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Experimental test setup consists of following sections given in Table 2-1.

Table 2-1. Test Setup Main Parts List.

Number Section Name
1 Test Chamber
Test Section Diffuser

Test Section Diffuser-Ejector Nozzle Feed Manifold Connection

Ejector Nozzle Feed Manifold

Nozzle Exit Plane Extension

Transition Cone

Ejector Section Diffuser

O N OO O BN

Subsonic Diffuser

Test articles are located between the free-jet nozzle and diffuser entry duct inside the
Section 1. There are 2 pressure sensors and 2 thermocouples on the upper wall of the

Section 1. Test setup and all measurement locations are given in Appendix-1 in detail.

2.2.2. Test Articles and Support Design

Blockage ratio is defined as the ratio of the test article blocking area to the free-jet
nozzle exit area and can be calculated easily in 2D by projecting the test article on the

free-jet nozzle exit plane.

The special nosecone geometry called von Karman or LD-HAACK is designed to test
the blockage effects on the pressure inside the test chamber. Equations 2-1 and 2-2 are

used to design the nosecone geometries with different blockage area ratios.

0 = cos™?! (1 - ZL_x> (2-1)
R J o - S20) | cin3(6) 2-2)
a Vi

C = 0 for LD-HAACK, ‘Minimum Drag due to the Given Diameter and Length’

C = 1/3 for LV-HAACK, ‘Minimum Drag due to the Given Volume and Length’
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The diameter of the test articles comes from the blockage ratios according to the free-jet
nozzle exit diameter and because of the constricted area between the free-jet nozzle and
diffuser inlet, the required length must also be kept as minimum as possible given in
Figure 2-4.

Figure 2-4. von Karman Nosecone Geometry.

Hence, LD-HAACK geometry which can be described as minimum drag due to the

given diameter and length is selected as nosecone geometry.

By using Equation 2-2, y-axis coordinate against x-axis coordinate of the points can be
found and it is obvious that at x = L, y = R. Nosecone geometry dimensions of the test

articles are given in Table 2-2.

Table 2-2. Test Article Dimensions.

Mach 2 Free-Jet Nozzle | Mach 2.5 Free-Jet Nozzle
Blockage Ratio, BR : :
Length, L Radius, R Length, L Radius, R
(mm) (mm) (mm) (mm)
8% 50 10 50 7
15% 50 17.5 50 14.5
25% 50 25 50 215

All test articles are controlled by using optical scanning quality control process to check
whether the geometry is out of tolerance in 3D. An example of the optical scanning

results is given in Figure 2-5.
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Figure 2-5. Optical Scanning Result.

The contour of optical scanning result shows the range of -0.125 to 0.125 mm. While
the minus sign indicates that the manufactured part is inside the solid model, the plus
sign indicates that it is outside the solid model. The supporting mechanism of the test
articles is shown in Figure 2-6.

Figure 2-6. Test Article and Placement Inside the Test Chamber.

The red arrow indicates the flow direction. The support system marked in red circle
allows the test article to be given angle of attack and that means also higher blockage
ratios. This supporting mechanism also constricts the yaw and role motion of the test
articles. It is clearly observed that the test article is aligned with the free-jet nozzle axis

and parallel to the ground almost 0.1° as a margin of error.
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2.2.3. Measurements

Pressure, temperature and mass flow rate data are collected during the experimental
tests by proper measuring equipment installed at different locations of the experimental
test setup. The specifications of the sensors utilized in the test setup are given in Table
2-3.

Table 2-3. Measuring Equipment of the Test Setup.

Equipment Description
Pressure Sensor KISTLER 4260A Absolute
Thermocouple OMEGA K-Type

Mass Flow Meter SAGE 200 Thermal Mass Flow Meter

Locations of the pressure sensors and thermocouples up on the test chamber wall is

given in Figure 2-7 as an example of sensor connections along the test setup.

Figure 2-7. Test Chamber Pressure and Temperature Sensors.

All other pressure transducer and thermocouple locations are given in Appendix-1.
Mass flow meter is also between the buffer tank and the free-jet nozzle on the main

pipeline.
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2.2.3.1. Pressure

Pressure data is collected with 0-1 bar and 0-35 bar piezoresistive pressure transducers
from different locations along the experimental test setup during the experimental tests.
0-35 bar pressure transducer is used to measure ejector nozzle inlet total pressure while
0-1 bar pressure transducers are used at locations where vacuum condition is occurred
especially in the test section. The data sampling rate is 25 kHz. Pressure transducer is
shown in Figure 2-8.

-
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Figure 2-8. Kistler 4260A Piezoresistive Pressure Transducer.
2.2.3.2. Temperature

Temperature data is collected with K-Type thermocouples at the test chamber and
ejector nozzle inlet. The data sampling frequency is 1 kHz. K-Type thermocouple is

shown in Figure 2-9.

Figure 2-9. K-Type Thermocouple.
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2.2.3.3. Mass Flow Rate

The mass flow rate of the air is controlled by the valve opening ratio in the test setup.
‘SAGE 200 Thermal Mass Flow Meter’ is employed for mass flow rate measurements
that is installed before the free-jet nozzle on the main pipeline and to check any
occurring error of the operation of the valve. The data sampling rate is 1 Hz. Mass flow

meter is shown in Figure 2-10.
£
=
(% 4

Figure 2-10. SAGE 200 Thermal Mass Flow Meter.
2.2.3.4. Schlieren Imaging

Schlieren imaging is a classical method of visual processing that is used to photograph
the flow of the fluid. While imaging the flow, it benefits from the change in the density
of the fluid. This imaging technique is widely used in aerodynamic applications to

obtain an image of air flow around objects. Schlieren system is given in Figure 2-11.

Mirror -1 Mirror -2

,,,,

Knife-Edge

Schlieren Screen or
Object High Speed Camera

Figure 2-11. Sketch of a Schlieren System [16].
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It basically consists of a light source, two mirrors to direct light beam, knife-edge as a
cutoff and screen or high speed camera to project onto. The first mirror alines the light
beam coming from the light source. The light is then refocused after passing through the
second mirror. The distance between the Schlieren object and second mirror and the
distance between the second mirror and screen or high speed camera must be set before

the installation in the test setup according to the focal length of the mirrors [16].

A blocking object is placed on the plane where the focus of the second mirror coincides.
This object is called knife-edge and used to cut off the light rays that is bent while
passing through the Schlieren object to increase the contrast and get the full Schlieren
image. Knife-edge can be adjusted horizontal or vertical or a pin hole is used instead of
the knife-edge as a cutoff [16]. Schlieren image for three types of the cutoffs is given in
Figure 2-12.

Figure 2-12. Schlieren Image for Three Different Cutoffs: (a) Pinhole, (b) Knife-Edge
Adjusted in Vetical, (c) Knife-Edge Adjusted in Horizontal [16].

Horizontal or vertical placement of the knife-edge is just blocking a certain section
along the x and y axes separately at the same time, but a pinhole or knife-edge adjusted
both horizontal and vertical is used to achieve the full image of the Schlieren object
[16].
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The Schlieren system with the knife-edge adjustable in all three axes is used during the
experimental tests to get full images. This Schlieren system used in the test setup and
the equipment are given in Figure 2-13 and Table 2-4, respectively.

.

Schlieren Object |8 -

High Speed Camera |

S Knife Edge )

Figure 2-13. Installation of Schlieren System in the Test Setup.

Table 2-4. Equipment of Schlieren System.

Equipment Description
High Speed Camera Photron SA-X2
Light Source Short-Arc Xenon Lamp
Mirror-1 Adjustable 10 in. Parabolic Mirror
Mirror-2 Adjustable 10 in. Parabolic Mirror
Knife-Edge Adjustable in All Three Axes
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2.2.4. Mach 2.5 Free-Jet Nozzle Design

The main function of a nozzle is to direct and accelerate the combustion products of the
rocket motor and thus to obtain thrust. The concept of the nozzle design involves

‘steady state one-dimensional compressible fluid flow of an ideal gas’.

1D flow means that the flow is along the direction of the symmetry axis of the nozzle.
The assumed flow direction for one-dimensional flow is shown in Figure 2-14.

\J/’/’—
=
PP Axis of Symmetry
=
N
Figure 2-14. One-Dimensional Nozzle Flow.
Density, pressure and temperature are related to each other for an ideal gas assumption
and they are affected by cross-sectional area, friction and heat losses to the surroundings
in compressible fluid flow. Then, near isentropic flow assumption is considered for the
design of the nozzle where the properties of the flow only changes with cross-sectional
area and the effect of the friction and heat losses are assumed to be minimized [17]. It is
considered that taking pressure data over the nozzle wall including both converging and
diverging section and nozzle exit will be good in terms of proving that the nozzle
designed by one-dimensional theory works as expected. But, only the nozzle inlet
pressure was compared which was calculated using one-dimensional theory with

measured pressure data in the experimental tests. The calculated nozzle outlet pressure

is also given in Appendix-3.

Mach 2 free-jet nozzle was designed in the scope of the thesis about designing
parameters of HATS [2]. Hence, Mach 2.5 free-jet nozzle is also designed and tested
besides Mach 2 free-jet nozzle in this study. The free-jet nozzle dimensions are

calculated by using inputs given in Table 2-5.
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Table 2-5. Inputs for Mach 2.5 Free-Jet Nozzle Design.

y 1.4
m, Kg/s 1
T, K 290
R,, J/kmol.K 8314.3
MW, kg/kmol 28.96
P, Pa 10000

The specific gas constant for dry air, R is calculated as 287 J/kg.K using Equation 2-3.

Ry

R =
MW

(2-3)

Free-jet nozzle exit pressure must be equal or higher than the test chamber pressure.
Hence, free-jet nozzle exit pressure input comes from the same condition for Mach 2.
The exit pressure is taken as an input to obtain required total pressure at the inlet of the

free-jet nozzle using Equation 2-4.

-1 by
P, =P, [1 + yTMZ]y (2-4)

The free-jet nozzle inlet total pressure, P, is calculated as 1.7 bar. Entrainment ratio, ER
for HATS can be described as the ratio of secondary mass flow rate of the free-jet
nozzle to primary mass flow rate of the ejector nozzle. The mass flow rate of the ejector
nozzle is known from the capability of the test facility as 3 kg/s. So, by considering ER
as 0.33, mass flow rate of the free-jet nozzle can be taken as 1 kg/s [2]. Then, the
required throat area to choke this much mass flow rate can be calculated using Equation
2-5.

m 1
A =5 VTt
t o (2-5)
G
RY+1
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The throat diameter is then calculated as 56.2 mm using Equation 2-6.

44,y
1

(2-6)

Dy, =

By using the calculated throat area, the exit area of the free-jet nozzle can be calculated

using Equation 2-7.

1 y+1
— 2(y-1)
111+ [_)/ 5 ]MZ 2-7)
Aex = (Amn) 1
Ml 44 [V ]
2
The exit diameter is then calculated as 91.2 mm using Equation 2-8.
4A
ox = ne" (2-8)

The designed Mach 2.5 free-jet nozzle is given in Figure 2-15.

350 mm

©100.5 mm @91.2 mm

Figure 2-15. Mach 2.5 Free-Jet Nozzle.

The designed Mach 2.5 free-jet nozzle is also numerically analyzed to observe the full
flow of the nozzle as expected according to the design condition. Half model solution
domain is used for CFD analysis because of the symmetry. Closer view to the mesh of

the free-jet nozzle is given on the symmetry plane in Figure 2-16.
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Figure 2-16. Closer View to the Grid.

Almost 2 million hexahedral elements with the size of around 2 mm are used for the
mesh of Mach 2.5 free-jet nozzle exhausting to the atmosphere. Maximum skewness of
the mesh elements is 0.6. The Mach number distribution at the free-jet nozzle exit plane

is given in Figure 2-17.
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Figure 2-17. Mach Number Distribution at the Free-Jet Nozzle Exit Plane.
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The distribution of Mach number can be clearly seen in the contour that the flow is full
as expected according to the design condition of the free-jet nozzle with exit pressure is
equal to the atmospheric pressure. Hence, flow is uniform and ideally expanded to the
atmosphere at the exit of the free-jet nozzle. The effective free-jet nozzle exit diameter
is calculated as 83.4 mm compared to the exact free-jet nozzle exit diameter of 91.2 mm
calculated using one-dimensional nozzle theory. This condition can also be seen in the
contour of Mach number in Figure 2-18 on the symmetry plane for Mach 2.5 free-jet
nozzle.

wach Numbor [N o

00 02 04 05 0.7 09 11 13 14 16 18 2.0 21 23 25

Figure 2-18. Contour Plot of Mach Number on the Symmetry Plane.

34



2.3. Experimental Results

In experimental tests, the ejector nozzle is pressurized first and then the free-jet nozzle
starts to work. Ejector nozzle is considered as working at its optimum condition to
satisfy the low pressure environment inside the test chamber. Ejector nozzle provides
the primary flow of the test setup. Ejector nozzle inlet pressure is almost 20 bar and
constant during all the tests. The pressure data is given in Figure 2-109.

Pressure-Time
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Time(s)

Figure 2-19. Ejector Nozzle Feed Manifold Pressure.

The mass flow rate corresponding to that pressure is 3 kg/s. Tests last 150 s on average.
Pressure data is sampled at 25 kHz frequency and then filtered by allowing the passage
of low frequency signals with 200 Hz cut-off frequency. Test Section Diffuser-Ejector
Nozzle Feed Manifold Connection pressure is given in Figure 2-20.
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Figure 2-20. Test Section Diffuser-Ejector Nozzle Feed Manifold Connection Pressure.

Pressure data is sampled from different angular and axial locations to control any
difference in the sampling data. The pressure value of this section is also used for CFD
analyses as pressure outlet boundary condition. According to the design of HATS setup,
1 kg/s mass flow rate of secondary flow with ER of 0.33, pressure is obtained here as
almost 28000 Pa for Mach 2 free-jet nozzle and 25000 Pa for Mach 2.5 free-jet nozzle.

The pressure changes with mass flow rate of the secondary flow and is constant for
different blockage ratios of Mach 2 and 2.5 free-jet nozzles. The pressure values
corresponding to the mass flow rate of secondary flow are given in Table 2-6 and Table
2-7.
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Table 2-6. Mass Flow Rate vs. Pressure [Mach 2 Free-Jet Nozzle].

Valve Opening, % Mass Flow Rate, g/s Pressure, Pa
18 750 24000
25 1100 29000
35 1500 35500
40 1900 44000

Table 2-7. Mass Flow Rate vs. Pressure [Mach 2.5 Free-Jet Nozzle].

Valve Opening, % Mass Flow Rate, g/s Pressure, Pa
18 750 20500
30 1300 25500
35 1500 27700
40 1900 34500

The vacuum pressure measured in the test section diffuser-ejector nozzle feed manifold

connection according to the increasing mass flow rate for both of Mach 2 and 2.5 free-

jet nozzles is given in Figure 2-21.
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Figure 2-21. Vacuum Pressure vs. Mass Flow Rate.

The supersonic flow at the inlet of the diffuser turns into subsonic flow along the

diffuser. Then, the subsonic flow pressure increases as expected throughout the

connection as comparable between Figure 2-20 and Figure 2-22. Test Section Diffuser

pressure is given in Figure 2-22.
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Figure 2-22. Test Section Diffuser Pressure.

The test chamber pressure is plotted according to the mass flow rate and inlet pressure

of the free-jet nozzle and blockage ratio for Mach 2 and 2.5 free-jet nozzles as seen

from Figure 2-23 to Figure 2-28.
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Figure 2-23. Test Chamber Pressure vs. Free-Jet Nozzle Mass Flow Rate [Mach 2].
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Figure 2-24. Test Chamber Pressure vs. Free-Jet Nozzle Mass Flow Rate [Mach 2.5].
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Figure 2-25. Test Chamber Pressure vs. Free-Jet Nozzle Inlet Pressure [Mach 2].
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Figure 2-26. Test Chamber Pressure vs. Free-Jet Nozzle Inlet Pressure [Mach 2.5].
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Figure 2-27. Test Chamber Pressure vs. Blockage Area Ratio [Mach 2].

40



12000 | |
e
11000 — sty
T 10000 | e
a 7
s
£ 9000} P |
@ T i
o il P *
& 8000F o A
- e .
£ 7000 pm—— i & 3
© - |
S e ~1
O 6000fF—" =
= 5000 | P l
s &— 1750 gis
| ______.5._————"__‘__ —&— 1300 g/s
4000 f— 1500 g/s
—+— 1900 g/s
3000 |
0 5 10 15 20 25

Blockage Area Ratio(%)
Figure 2-28. Test Chamber Pressure vs. Blockage Area Ratio [Mach 2.5].

Plot according to the free-jet nozzle mass flow rate is actually another form of the plot
according to the free-jet nozzle inlet pressure. This can be seen from the similarity of
the plots. Plots of the test chamber pressure according to the blockage ratio for different
mass flow rates in Figure 2-27 and Figure 2-28 are achieved actually as the most
important results to determine the characteristics of the test setup. It was seen that an
almost linear curve can be fitted to the obtained data from the experimental test results
for Mach 2.5 free-jet nozzle but not for Mach 2. This is also due to the unstart condition

of the Mach 2 free-jet nozzle.

It is also expected that by increasing the mass flow rate, the test chamber pressure also
increases as seen in Figure 2-24 for Mach 2.5 free-jet nozzle. But, Mach 2 free-jet
nozzle does not fully comply with this rule as seen in Figure 2-23 and at some points of
the plot, test chamber pressure falls under the pressure of the lower mass flow rate
condition. This is also observed that the test chamber pressure increases proportionally
up to 25% blockage rate. After 25% blockage rate, the test chamber pressure will
increase at relatively higher rates and it is evaluated that the vacuum test condition
cannot be achieved for the test articles to be tested both for Mach 2 and 2.5 free-jet

nozzles.
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2.3.1. Experimental Data from Tests

First the ejector nozzle starts working and reaches at steady state condition and then the
free-jet nozzle starts to provide secondary flow as can be seen from the graphics. The
most important one among these data is considered to be the test chamber pressure. The

test chamber pressure is given in Figure 2-29 as an example.

Pressure-Time
90000

P3-raw
P3-filtered
P4-raw
P4-filtered

80000 f

70000

60000

Pa)

5 50000 |

40000

Pressur

30000

20000

10000

0 50 100 150
Time(s)

Figure 2-29. Test Chamber Pressure.

The pressure inside the test chamber drops to a lower pressure value from the stagnant
ambient pressure during the start-up period when just the ejector operates and supplies
the primary flow in the test setup. In this situation, some air is also drawn from the free-
jet nozzle. But, the amount of the air is low compared to the operation mode and fails to
meet the required Mach number test condition. The mass flow rate of the air for the

free-jet nozzle is given in Figure 2-30 as an example.
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Figure 2-30. Free-Jet Nozzle Air Mass Flow Rate.

Then, the required Mach number test can be performed with the secondary flow from
the free-jet nozzle. It is seen that the free-jet nozzle inlet pressure increases with the
secondary flow. Inlet pressure of the free-jet nozzle is given in Figure 2-31 as an
example.
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Figure 2-31. Free-Jet Nozzle Inlet Pressure.
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During these experimental tests, temperature data from the test chamber and the ejector
nozzle feed manifold connection is also collected. The temperature data appears to be
similar and almost the same for all test conditions. Temperature data is given in Figure
2-32 as an example.
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Figure 2-32. Test Chamber and Ejector Nozzle Inlet Temperature.

The mass flow rate and inlet pressure of the free-jet nozzle, test chamber pressure and
temperature are collected for all test conditions separately and given in Appendix-4 by
test order.
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3. NUMERICAL INVESTIGATION

3.1. Introduction

The fluid flow of the HATS is numerically investigated utilizing the commercially
available ANSY'S Fluent software in this study. CFD analyses are performed in ANSYS
Fluent 19.2 that has large capabilities to simulate flow, turbulence and heat transfer for
many applications that the industry needs. Some essential notes about numerical
methodology and its application to the solution of the HATS are given in this chapter.
CFD solver settings and governing equations behind the solver is studied to obtain
closer solutions to the experimental test results for the considered solution domain.

The governing equations and turbulence model are given lengthily in Section 3.2 and
Section 3.3, respectively. The computational domain, CFD solver setup and grid
sensitivity study are also presented in Section 3.4. The numerical results are given for
each test conditions separately in Section 3.5. Finally, the comparison of these
experimental test results with numerical results according to the test chamber pressure

and Schlieren images are also given in Section 3.6.

3.2. Governing Equations

Conservation of mass, momentum and energy are the fundamental laws that are utilized
to derive governing equations that are solved in a CFD analysis. Conservation of mass
and momentum are solved for all flows in ANSYS Fluent. The extra equation of energy
conservation is also solved for flows including compressibility. Density is related to
pressure and temperature by using a special equation for compressible flows. Ideal gas
equation is the most commonly used equation of state given in Equation 3-1. But when
it comes to a situation as the non-ideal gas behavior, this equation of state can be very

complex [18].
P = pRT (3-1)

Conservation equations of mass, momentum and energy are solved coupled and
simultaneously. There are 6 scalar unknowns totally which are density, pressure,
temperature and 3 velocity components. These unknowns are obtained by using 6 scalar
equations which are conservation of mass, conservation of energy, 3 components of

conservation of momentum and equation of state.
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Conservation of mass that is also known as continuity equation is given in Equation 3-2.
This equation can be thought more precisely that net mass crossing the boundaries of
the system must be balanced. Equation 3-2 is the general form of the continuity
equation where S,,, is the source of the mass added from the second phase to the

continuous phase or any user defined sources [18].

a —
6_[t) +V.(pV) =S, (3-2)

Equation for the conservation of linear momentum can be expressed as given in

Equation 3-3. Where F is the external body force acting over the entire volume and pg,

the most common body force is the force due to the gravitational acceleration, g [18].
a — ——> — N -
5#MO+V(MNQ=—Vp+V(ﬂ+pg+F (3-3)

7 is the stress tensor described in Equation 3-4. Where u is the dynamic viscosity and I
is the unit tensor [18].

- - - 2 —
fzukvv+vW)—§VV4 (3-4)

The conservation of energy equation is used to obtain the temperature of the fluid for
compressible flows and problems involving heat transfer. ANSYS Fluent solves the

energy equation as given in Equation 3-5.
9] N s 5
2 (PE) + V. (V(oE +)) = 7 | keoysVT — Z Wi + Gops V) | + S (3-5)
J

The first three terms on the right hand side of the equation represent conduction energy
transfer, diffusion of species and viscous dissipation, respectively. E is described as
given in Equation 3-6 [18].

2
E=h—g+— (3-6)
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3.3. Turbulence Model

The fundamental element for numerical solution involving fluid flow problems is
modelling of the turbulence. It is very difficult to cover all the details of the turbulent
flow with high Reynolds numbers in a complex 3D solution domain. This difficulty
comes from the unsteady behaviour of the turbulent flow involving both large and
extremely small eddies. Extremely small volume and time discretizations must be
chosen in numerical analyses but this exceeds today’s computational power. There are
different turbulence models separately used today that can predict only some types of
the turbulent flows more accurately. They all contain empiric constants which are fitted
to the values so the numerical analyses predict the results closer to the known
experimental results. The ANSYS Fluent enables use of different turbulence models,
starting from one equation Spalart-Almaras Model to five equation Reynolds Transport
Model.

Bartosiewicz et al. [19] have compared numerical analysis results with experimental
results for different turbulence model approaches and indicated that SST k- model
seems to be convenient for ejector analysis. Kolar and Dvorak [20] have also confirmed
that SST k-o model is well suited for ejector analysis by comparing the numerical
analysis results with experimental results with regard to the vacuum pressure and color
Schlieren images. The SST k- turbulence model is selected for use in this study due to
the results of [19] and [20].

The SST k-o turbulence model is a two-equation hybrid model combining the k- and
the k-¢ models that is used for many aerodynamic applications. The k-o model is
appropriate for flow simulation in the viscous sublayer and the k-¢ model is well

adapted for predicting turbulent region flow behavior away from the wall [21].

The SST k-o model solves two transport equations in addition to the governing
conservation equations. The turbulent Kkinetic energy, k and specific turbulent

dissipation rate, w are the two variables used in SST k- turbulence model.

The turbulent kinetic energy, k is given in Equation 3-7. The turbulence intensity, I is
the level of the turbulence and is given in Equation 3-8 where u’ is the root-mean-
square of the turbulence velocity fluctuations given in Equation 3-9. The mean velocity,

U is also calculated as given in Equation 3-10.
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k = E(UI)2 (3-7)
ul
= 3-8
=7 (3-8)
r 1 ! 2 ! 2 1 2 (3_9)
u = E(ux +u'y" +u',%)
U= \[(sz +U,” + U, (3-10)

The specific turbulent dissipation rate, w can be calculated as given in Equation 3-11.
C, is the constant of the turbulence model and the turbulent length scale, [ defines the
size of large energy-containing eddies in a turbulent flow which can be taken as ~7% of
the hydraulic diameter for codes based on the mixing-length as used in Fluent, for
instance [22].

Bl w
N| =

k
w=Ci— (3-11)
The dimensionless wall distance, y* should be approximately 1 for SST k-® turbulence
model because SST has no wall function and utilizes near wall model approach. It is a
must that the mesh is properly sized near the wall to obtain an accurate simulation for
the fluid flow. Therefore, some calculations should be performed to find the appropriate

first cell height near the wall.

The calculations are based on flat-plate boundary layer theory [23]. First, the Reynolds
number is calculated using Equation 3-12. Second, the skin friction coefficient, Cr is

calculated using Equation 3-13.

UL
Re =22 (3-12)
U
0.026
(p=—71 (3-13)
Re7

Then, the wall shear stress and frictional velocity can be calculated using Equation 3-14

and Equation 3-15, respectively.

Twall = >

(3-14)
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T
Ufric = V;)a” (3'15)

Finally, the height of the first mesh cell can be calculated using Equation 3-16 based on

the predetermined value of y* of the selected turbulence model.

+

Yy U

As =
Ufricp

(3-16)

3.4. Solution Domain

The analysis model of the HATS consists of free-jet nozzle, test chamber and diffuser

that is given schematically in Figure 3-1.

Pressure
Outlet

Pressure Symmetry
Inlet Plane

Figure 3-1. Solution Domain of the Test Chamber without Blockage Test Article and

Boundary Conditions.

Ejector is assumed working at its optimum condition and gives the pressure outlet
boundary condition to the analyses. The diffuser is cut from the exact position of the
pressure transducer for pressure outlet boundary condition. Pressure inlet also comes
from the experimental tests. Pressure transducer location is taken exactly as where the
pressure is measured before the free-jet nozzle along the pipe. Free-jet nozzle supplies

the secondary flow to the test chamber.

The blockage test articles are also supported between the free-jet nozzle exit plane and
diffuser inlet plane inside the test chamber. Figure 3-2 shows the solution domain for

Mach 2.5 free-jet nozzle and 8% blockage ratio as an example.
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Pressure
7 Outlet
]/’ Wall of the
. /' G Test Article
i Pressure
Inlet

Figure 3-2. Solution Domain of the Test Chamber with Blockage Test Article and
Boundary Conditions.

The solution domain for other blockage test articles is also prepared with the same
manner. Half model solution domain that is given in Figure 3-3 can be used for 3D

numerical analyses because of the symmetry.

Figure 3-3. Half Model Solution Domain.
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Almost 10 million hexahedral elements with the size of around 2 mm are used for the
mesh of Mach 2.5 free-jet nozzle without blockage. There is no skewed elements above
0.7. Hex elements are easily used for the mesh because of the simplicity of the solution
domain by splitting the analysis model at the right locations. The closer view to the grid
of the test chamber and the free-jet nozzle is given in Figure 3-4 as an example.

Figure 3-4. Closer View to the Grid of the Test Chamber and Mach 2.5 Free-Jet Nozzle

without Blockage.
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Almost 20 million hexahedral and tetrahedral elements with the size of around 2 mm
are used for the mesh of Mach 2.5 free-jet nozzle with 8% blockage. Because of the use
of the tet and hex elements, the size of the elements are tried to keep as minimum as
possible. The average skewness is around 0.2, some skewed elements above 0.9 level
are at the location of not affecting the main stream of the flow. The closer view to the

grid of the test chamber with blockage and the free-jet nozzle is given in Figure 3-5 as
an example.

0.15

CoordinateY
S ot

o

-0.05

1485 48 175 A7 165 16 155
CoordinateX

Figure 3-5. Closer View to the Grid of the Test Chamber for Mach 2.5 Free-Jet Nozzle
with 8% Blockage.
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3.4.1. Fluent CFD Solver Setup

Fluent solver setup provides the following solver settings to solve the HATS solution

domain,

e Single-phase fluid motion in steady state
e 3D viscous analyses with coupled pressure-based solver
e Dry air as working fluid

e Compressible flow of air with ideal gas equation

The continuity residual is monitored during the CFD analyses. The inlet and outlet mass
flow rates are also compared besides the continuity residual convergence condition. The
average iteration number of the analyses is taken as 1500 for the solution to converge in
accordance with the conditions that net mass flow rate is almost zero and continuity

residuals are at the level of 1e-03. The CFD solver setup is given in Table 3-1.

Table 3-1. CFD Solver Setup.

Time Dependency Steady State
Geometry 3D - Half Model
Turbulence Model SST k-o
Solution Methods Double Precision (Coupled Solver)
Pressure Discretization Second-Order
Density Discretization Second-Order Upwind
Momentum Discretization Second-Order Upwind
Turbulent Kinetic Energy Discretization Second-Order Upwind
Specific Dissipation Rate Second-Order Upwind
Energy Discretization Second-Order Upwind
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3.4.2. Grid Sensitivity

A grid sensitivity analysis is performed for the test chamber and diffuser system by
using coarse, medium and fine mesh for numerical analyses which results around 4.5, 9
and 24 million elements, respectively. The closer view to the grid of the test chamber
section of the solution domain on the symmetry plane is given in Figure 3-6, Figure 3-7
and Figure 3-8 for coarse, medium and fine grid, respectively.

it

Figure 3-6. Closer View to the Grid of the Test Chamber for Coarse Grid.

Figure 3-7. Closer View to the Grid of the Test Chamber for Medium Grid.

Figure 3-8. Closer View to the Grid of the Test Chamber for Fine Grid.
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The grid sensitivity study has been performed only for Mach 2.5 free-jet nozzle and the
same grid architecture is used for Mach 2 free-jet nozzle. The grid sensitivity analysis is
performed for Mach 2.5 free-jet nozzle with ER of 0.33. The other boundary conditions
are also given in Table 3-2.

Table 3-2. Boundary Conditions for Grid Sensitivity Analysis.

Parameter Value
Free-Jet Nozzle Inlet Pressure, Pa 178500
Free-Jet Nozzle Inlet Temperature, K 290
Entrainment Ratio, ER 0.33
Free-Jet Nozzle Mass Flow Rate, kg/s 1
Test Section Diffuser Outlet Pressure, Pa | 25500

The test chamber pressures, that are obtained at the location of the pressure sensor, P3
are predicted as 6375 Pa, 6325 Pa and 6300 Pa for coarse, medium and fine grids,
respectively. The number of elements versus the test chamber pressure is given in

Figure 3-9.

6380,00
— 6370,00
6360,00
6350,00
6340,00
6330,00
6320,00
6310,00
6300,00 |

6290,00
0,00 5000000,00 10000000,00 15000000,00 20000000,00 25000000,00 30000000,00

Grid Count

Test Chamber Pressure [Pa

A Coarse Grid # Medium Grid B Fine Grid

Figure 3-9. Test Chamber Pressure vs. Grid Count.
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The test chamber pressure value prediction for coarse grid differs as 0.8% from medium
grid and for medium grid differs as 0.4% from the fine grid. The computational time is
around one day, two days and five days for 24 processes of parallel solver with 56
physical cores of a computer for coarse, medium and fine grid, respectively.

Mach number variation along the axial direction on the symmetry plane and numerical

Schlieren images for coarse, medium and fine grids are given in Figure 3-10.

45
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o ————— —— ——— ()
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|
|

Coarse Grid

Medium Grid

IS

Fine Grid

Figure 3-10. Mach Number Variation Along the X-Axis Throughout the Solution

Domain and Mach Number Contour Plots for Coarse, Medium and Fine Grids.

While it seems that the coarse grid solution could not catch the trend change, medium
and fine grid solutions make similar predictions, which shows that the solution no
longer needs to improve the grid. Thus, medium grid is chosen to be used in numerical

analyses of the high altitude test system in this thesis.
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3.5. Numerical Results

In numerical analyses, different cases are simulated to compare the test chamber static
pressure with pressure measurements from the experimental tests. The test chamber
pressure is simulated for different test conditions of Mach 2 and 2.5 free-jet nozzles.
Solution domain is kept minimum including free-jet nozzle, test chamber and diffuser to
reduce the computational time. The numerical simulations for the free-jet nozzles are
repeated for different secondary mass flow rates, i.e changing ER with and without
blockage. For the numerical simulations, first significant data is the test chamber
pressure comparing to the experimental test results.

All numerical simulation results are given in this chapter in terms of the Mach number,
static pressure and temperature on the symmetry plane for different test conditions,
respectively. The contour plots are given in the way for compatibility with Schlieren
images. Static pressure, Mach number and static temperature contour plots are

compared under the same category for all of the conditions.

There is much noise in the data for outlet boundary pressure of the solution domain
coming from experimental tests, but the mean pressure is used for numerical analyses. If
the lower value of this band of the pressure data is taken into consideration, analysis
results are closing to the experimental test results for the test chamber pressure value.
This is caused from the strong shockwave formation at the outlet boundary condition
that is not included properly to the outlet boundary because shockwave is not the cause,
it is the result of the high speed flow. Hence, this situation increases the back pressure
of the flow at the end of the diffuser section and CFD results get away from the test

results.

CFD results are consistent among themselves in the mean of the static pressure, Mach
number and static temperature inside the test chamber for Mach 2 and 2.5 free-jet
nozzles. Mach 2.5 free-jet nozzle is started for all test conditions. Mach 2.5 free-jet
nozzle becomes under-expanded and higher Mach region is formed along the center line
of the free-jet nozzle inside the test chamber. On the other hand, it is observed that
Mach 2 free-jet nozzle is not started for different cases with and without blockage. It is
due to that Mach 2 free-jet nozzle exit diameter is very close to the diffuser entry duct
diameter, whole flow is not captured completely and the free-jet flow fills the test

chamber. But in CFD analyses, this parameter is not evaluated properly as can be seen
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from the results and generally lower static pressure is obtained relatively to the
experimental test results. The static pressure on the symmetry plane of the solution
domain for the same mass flow rate of the free-jet nozzle with and without blockage test

articles is given in Figure 3-11 as an example.

[Mach 2.5 - 1300 g/s]
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0 33333 66667 100000 133333 166667 200000
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0 33333 66667 100000 133333 166667 200000

o = e

static Pressure [Pa] [ I B 1 | 25%

Blockage
0 33333 66667 100000 133333 166667 200000

Figure 3-11. Static Pressure Contour Plots for Mach 2.5 Free-Jet Nozzle.

In order to observe the blockage effect on the test chamber pressure, the contour plots
are given together according to the increasing blockage rates for the same flow rate of
the free-jet nozzle. The flow is choked at the nozzle throat and then expands towards the
nozzle exit and the pressure is also lowered. The diffuser inlet static pressure is then
starts to increase toward the test section diffuser exit. It is also observed that where the
pressure at the entrance of the test section diffuser starts to increase has a similar
structure for blockage test articles, but the flow still continues to be at higher speeds at
the centerline of the diffuser for the situation where it does not encounter any blockage.

The Mach number contour plots are given in Figure 3-12.
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Figure 3-12. Mach Number Contour Plots for Mach 2.5 Free-Jet Nozzle.

It is observed that the flow at low speeds before the free-jet nozzle entrance accelerates
through the nozzle and is at Mach 2.5 levels at the nozzle exit for these test conditions
given as an example. The oblique shockwaves observed at the nozzle exit form the
limits of the testable region for Mach 2.5 test condition at this secondary flow rate. It is
seen that test rhombus changes according to the pressure inside the test chamber and the
nosecone of the test articles remains within the test rhombus for the test conditions with
blockage. The flow is still at supersonic speeds at the entrance of the diffuser and slows

down along the test section diffuser.

As another data measured also from the different parts of the test setup during
experimental tests, the temperature data is given on the symmetry plane of the solution

domain. The static temperature contour plots are given in Figure 3-13.
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Figure 3-13. Static Temperature Contour Plots for Mach 2.5 Free-Jet Nozzle.

Static temperature of the flow before the free-jet nozzle is known as 290 K as boundary
condition for the numerical analyses of the cold flow test condition. The static
temperature is decreased along the free-jet nozzle as expected with and without
blockage test articles inside the test chamber. And the static temperature is then

increased to the almost 290 K at the exit of the test section diffuser.
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Figure 3-14. Static Pressure Contour Plots [Mach 2 - 750 g/s].
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Figure 3-15. Static Pressure Contour Plots [Mach 2 - 1100 g/s].
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Figure 3-16. Static Pressure Contour Plots [Mach 2 - 1500 g/s].
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Figure 3-17. Static Pressure Contour Plots [Mach 2 - 1900 g/s].
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Figure 3-18. Mach Number Contour Plots [Mach 2 - 750 g/s].
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Figure 3-19. Mach Number Contour Plots [Mach 2 - 1100 g/s].
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Figure 3-20. Mach Number Contour Plots [Mach 2 - 1500 g/s].
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Figure 3-21. Mach Number Contour Plots [Mach 2 - 1900 g/s].
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Figure 3-22. Static Temperature Contour Plots [Mach 2 - 750 g/s].
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Figure 3-23. Static Temperature Contour Plots [Mach 2 - 1100 g/s].
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Figure 3-24. Static Temperature Contour Plots [Mach 2 - 1500 g/s].
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Figure 3-25. Static Temperature Contour Plots [Mach 2 - 1900 g/s].
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Figure 3-26. Static Pressure Contour Plots [Mach 2.5 - 750 g/s].
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Figure 3-27. Static Pressure Contour Plots [Mach 2.5 - 1300 g/s].
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Figure 3-28. Static Pressure Contour Plots [Mach 2.5 - 1500 g/s].
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Figure 3-29. Static Pressure Contour Plots [Mach 2.5 - 1900 g/s].
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Figure 3-30. Mach Number Contour Plots [Mach 2.5 - 750 g/s].
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Figure 3-31. Mach Number Contour Plots [Mach 2.5 - 1300 g/s].
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Figure 3-32. Mach Number Contour Plots [Mach 2.5 - 1500 g/s].
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Figure 3-33. Mach Number Contour Plots [Mach 2.5 - 1900 g/s].
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[Mach 2.5 - 750 g/s]
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Figure 3-34. Static Temperature Contour Plots [Mach 2.5 - 750 g/s].
[Mach 2.5 - 1300 g/s]
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Figure 3-35. Static Temperature Contour Plots [Mach 2.5 - 1300 g/s].
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Figure 3-36. Static Temperature Contour Plots [Mach 2.5 - 1500 g/s].
[Mach 2.5 - 1900 g/s]
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Figure 3-37. Static Temperature Contour Plots [Mach 2.5 - 1900 g/s].
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3.6. Comparison of the Experimental and Numerical Results

The most important data is considered as the test chamber pressure and Schlieren
images among all test data to determine the working characteristics of the experimental
test setup. The comparison of the results are given in the context of test chamber
pressure and Schlieren image in this section.

3.6.1. Test Chamber Pressure

Test chamber pressure comparison between experimental tests and numerical analysis
results are performed in this section. Exact locations of the pressure sensors are given in
Figure 3-38.

1881 mm

1695 mm

-

. 0,0

P2
2

[E—— ]

-~

-

Figure 3-38. Test Chamber Pressure Sensor Locations.

Reference point is taken as the point where the free-jet nozzle inlet pressure sensor is
installed and this plane is also used for inlet pressure boundary in the numerical
analyses. In numerical analyses, pressure data is collected over the line between
pressure sensor points along the x-direction values on the symmetry plane. At the
beginning and end points of the line, pressure sensor values obtained from the
experimental tests with error bar coming from the waving of the pressure data can also
be used for the comparison of the CFD and test results. As an example, pressure data
comparison for the case of Mach 2.5 and 15% blockage with 1300 g/s free-jet nozzle

mass flow rate is shown in Figure 3-39.
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Experimental vs. Numerical Results

7500

‘= 7400
7300 -|
7200
7100

Test Results
7000

CFD Results
6900

Test Chamber Pressure (P

[<a B =)l

<
(=]
o

00
(=]
o

1,65 1,7 1,75 18 1,85 19
X-Coordinate (m)

Figure 3-39. Comparison of the Test Chamber Pressure for Mach 2.5 and 15% Blockage
Ratio.

It is obvious that numerical analyses for Mach 2.5 free-jet nozzle can be considered as
very close to the test results in the mean of the test chamber pressure with absolute error
of 4% in average. This is because of the start status of both ejector and free-jet nozzle.
On the other hand, numerical analyses for Mach 2 free-jet nozzle give poor results
relatively to the results of Mach 2.5 free-jet nozzle with absolute error of 20% in
average. Average absolute pressure error is 20% and 4% for Mach 2 and 2.5 free-jet
nozzles, respectively. It is necessary that exit pressure of the free-jet nozzle should be
equal or higher than the test chamber pressure. This is achieved for Mach 2.5 free-jet
nozzle and on the other hand, Mach 2 free-jet nozzle cannot provide this competence for
most cases as shown in Appendix-3. As a result of this incompetence, static test

chamber pressure for Mach 2 free-jet nozzle approaches to the experimental test results
with more errors than Mach 2.5 free-jet nozzle.
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Figure 3-40. Experimental vs. Numerical Test Chamber Pressure.
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[Mach 2 - 1100 g/s]

5 20000

1,65

_ 24000

P
t b
S o
S S
S S
S S

18000
16000
14000
12000
10000

8000

6000

Test Chamber Pressure (Pa

5 20000

t ¢

1.7 1,75 1.8 1,85 1.9
X-Coordinate (m)

® TestResults ——CFD Results

1.7 1,75 1.8 1,85 1.9
X-Coordinate (m)

Test Results ——CFD Results

1.7 1,75 1.8 1,85 1.9
X-Coordinate (m)

Test Results ——CFD Results

1.7 1,75 1.8 1,85 1.9
X-Coordinate (m)

Test Results ——CFD Results

76

Test 2:
0% Blockage

Test 6:
8% Blockage

Test 10:
15% Blockage

Test 14:
25% Blockage




[Mach 2 - 1500 g/s]
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[Mach 2 - 1900 g/s]
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[Mach 2.5 - 750 g/s]
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[Mach 2.5 - 1300 g/s]
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[Mach 2.5 - 1500 g/s]
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[Mach 2.5 - 1900 g/s]
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3.6.2. Schlieren Imaging

Another comparison between the experimental and numerical results can be made with
Schlieren images for different test conditions. Numerical Schlieren illustrations and
images captured by using Schlieren method during experiments give also good
convergence for different mass flow rate and blockage test article conditions. All
numerical Schlieren images compared with Schlieren images captured during

experimental tests are also given in this section.

The comparison includes the angle of the shockwaves and determining the test region
where the nose of the test article is located in. Some strong shockwave and weak
expansion waves can also be compared in terms of the location and length of the waves
using these results. The test rhombus of the free-jet nozzle varies according to the
nozzles designed for different Mach numbers and altitude conditions. Mach cone is the
conical pressure wave occurred at the exit of the nozzle which exit speed is greater than

that of sound. Mach cone angle can be calculated as given in Equation 3-17.
6 = sin~ (=) (3-17)
M

The tabulated Mach cone angles for Mach 2 and 2.5 free-jet nozzles are given

theoretically in Table 3-3.

Table 3-3. Mach Cone Angle for Mach 2 and 2.5 Free-Jet Nozzles.

Mach Number | Angle Notation | Mach Cone Angle (°)
2 0, 30
2.5 0, 23.56

It is seen that the test rhombus increases as the Mach number increases for nozzles with
the same exit diameter. The sketch of the test rhombus for both of Mach 2 and 2.5 free-

jet nozzles are also given in Figure 3-41.

Figure 3-41. Sketch of the Test Rhombus for Mach 2 and 2.5 Free-Jet Nozzles.
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It is seen that the testable length of the test article increases when it is positioned into
the free-jet nozzle. But, this length is also related to the nosecone of the test article. In
addition to keeping the test article inside the test rhombus, the bow shock that will occur
due to the nosecone geometry must also be outside the free-jet nozzle. This situation is

shown in Figure 3-42.
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Figure 3-42. Sketch of Positioning the Test Article Inside the Test Chamber [10].

In this study, in order to clearly see the shock formations formed on the test article, the
test article is placed out of the free-jet nozzle provided that it is still within the test
rhombus. Thus, shockwaves reflected from both the free-jet nozzle and the nosecone of

the test article can be observed using Schlieren method.

During experimental tests, Schlieren images are recorded by projecting on the high
speed camera for each test separately. When the secondary flow rate of the free-jet
nozzle reaches at its predetermined testing value and the oscillations in the mass flow
rate data is lowered, video recording with high speed camera starts. Since Schlieren
images are received in high resolution and high frame per second, fps, video recording
can be performed for a limited time of about 3 seconds on average. Therefore, 15000
frames are obtained for each test separately. Then, an average image is obtained with
the help of ‘ImageJ’ computer program by selecting 100, 200, 500, 1000 and 2000 of
the obtained images, respectively for a test condition. When the average image results
are compared, it is seen that the image obtained from 500 frames gives a good result,
then it is continued by averaging the same number of frames for the other test

conditions.
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After obtaining average intensity image, the Mach cone angle of the free-jet nozzle and
the oblique shock angle at the nosecone of the test article is calculated for each test
condition. Mach cone angle, a; and oblique shock angle, a, express the angles on the
Schlieren image obtained according to the experimental test results and numerical
analyses. An example illustration of the comparison according to the shock angles and
Schlieren images is given in Figure 3-43.

Figure 3-43. Example Comparison of the Schlieren Images and Shock Angles.

The comparisons for all test conditions are made with the same manner and the results
are given in the following tables. In some cases, where there is no blockage or the free-
jet nozzle does not start, that is, a normal shock occurs at the nozzle outlet, some angle
values given in the tables could not be calculated. However, for all other test conditions,
approximate angle values have been tried to be given for both experimental and
numerical Schlieren images. The percentage absolute error can also be calculated to
determine how much the shock angles obtained using numerical Schlieren images differ

from the experimental Schlieren shock angles using Equation 3.18.

a -a
Percentage Absolute Error = |nun;—exp| X 100% (3-18)
exp

It is observed that there are differences between the experimental and numerical
Schlieren images obtained in some test conditions for Mach 2 free-jet nozzle designed
and manufactured in the study of [2]. One reason for this situation can be evaluated as
there are differences in the dimensions of Mach 2 free-jet nozzle manufactured and
because it is not manufactured as designed, the free-jet nozzle exit pressure may change.
Another reason may be that the entire test setup with ejector system is not solved in
numerical analyses. In this case, the pressure outlet boundary condition used for

numerical analyses may not be given exactly to simulate the operation of the ejector
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system. The test chamber pressure is higher than the free-jet nozzle exit pressure for
both situations, the free-jet nozzle is over-expanded and the flow separates towards the

free-jet nozzle exit and a normal shock occurs at the free-jet nozzle exit.

As the free-jet nozzle outlet pressure increases with the increasing inlet pressure, the
normal shock occurring at the free-jet nozzle exit is defeated and the free-jet nozzle
works as ideally expanded. Test-5 can be shown for Mach 2 free-jet nozzle as an
example. When the free-jet nozzle theoretical pressure and test chamber pressure given
in Appendix-3 are compared, it is seen for Test-5 that the test chamber pressure is
approximately twice the free-jet nozzle exit pressure. The same situation can also be
evaluated for Test-15 and Test-16. Experimental and numerical Schlieren images are
given in Figure 3-44 for Test-5 as an example.

Figure 3-44. Experimental vs. Numerical Schlieren Image [Test-5].

Although the test chamber pressure is predicted as 10500 Pa in numerical analyses, it is
measured as approximately 14500 Pa in experimental tests. The free-jet nozzle exit
pressure theoretically is calculated as 7000 Pa. In this case, differences occur in the
experimental and numerical Schlieren images for Test-5 as seen in Figure 3-44. It is
also seen that both experimental and numerical schlieren images of Mach 2.5 free-jet

nozzle designed and manufactured in this thesis are similar for all test conditions.
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Table 3-4. Experimental vs. Numerical Schlieren Image [Test-1].

Experimental Schlieren Numerical Schlieren
al,exp (o) az,exp (0) al,num (0) az,num (o)
41 - 38 -

Percentage Absolute Error, %

Test-1: [Mach 2 - 750 g/s - 0% Blockage]

Table 3-5. Experimental vs. Numerical Schlieren Image [Test-2].

Experimental Schlieren Numerical Schlieren
al,exp (o) aZ,exp (o) al,num (O) az,num (o)
27 - 26 -

Percentage Absolute Error, %

Test-2: [Mach 2 - 1100 g/s - 0% Blockage]
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Table 3-6. Experimental vs. Numerical Schlieren Image [Test-3].

Experimental Schlieren

Numerical Schlieren

a1,exp (o)

a2 exp (0)

al,num (0)

a2,num )

24

23

Percentage Absolute Error, %

Test-3: [Mach 2 - 1500 g/s - 0% Blockage]

Table 3-7. Experimental vs. Numerical Schlieren Image [Test-4].

Experimental Schlieren

Numerical Schlieren

a1exp (o)

az,exp (o)

al,num (o)

az,num (o)

21

23

Percentage Absolute Error, %

Test-4: [Mach 2 - 1900 g/s - 0% Blockage]
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Table 3-8. Experimental vs. Numerical Schlieren Image [Test-5].

Experimental Schlieren Numerical Schlieren
al,exp (o) az,exp (O) al,num (0) az,num (o)
39 - 37 37

Percentage Absolute Error, %

Test-5: [Mach 2 - 750 g/s - 8% Blockage]

Table 3-9. Experimental vs. Numerical Schlieren Image [Test-6].

Experimental Schlieren Numerical Schlieren
al,exp (o) az,exp (o) al,num (o) az,num (O)
30 30 29 36

Percentage Absolute Error, %

Test-6: [Mach 2 - 1100 g/s - 8% Blockage]
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Table 3-10. Experimental vs. Numerical Schlieren Image [Test-7].

Experimental Schlieren Numerical Schlieren
al,exp (0) az,exp (0) al,num (0) az,num (o)
21 32 21 36

Percentage Absolute Error, %

a, a,

0.0 12.5

Test-7: [Mach 2 - 1500 g/s - 8% Blockage]

Table 3-11. Experimental vs. Numerical Schlieren Image [Test-8].

Experimental Schlieren Numerical Schlieren
al,exp (o) aZ,exp (o) al,num (o) az,num (o)
20 33 19 36

Percentage Absolute Error, %

Test-8: [Mach 2 - 1900 g/s - 8% Blockage]
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Table 3-12. Experimental vs. Numerical Schlieren Image [Test-9].

Experimental Schlieren Numerical Schlieren
al,exp (o) az,exp (O) al,num (0) az,num (o)
39 - 40 -

Percentage Absolute Error, %

Test-9: [Mach 2 - 750 g/s - 15% Blockage]

Table 3-13. Experimental vs. Numerical Schlieren Image [Test-10].

Experimental Schlieren Numerical Schlieren
al,exp (o) az,exp (o) al,num (o) az,num (O)
35 44 31 45

Percentage Absolute Error, %

114 2.3

Test-10: [Mach 2 - 1100 g/s - 15% Blockage]
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Table 3-14. Experimental vs. Numerical Schlieren Image [Test-11].

Experimental Schlieren

Numerical Schlieren

a1,exp (O)

a2 exp (0)

al,num (o)

a2,num )

29

42

27

44

Percentage Absolute Error, %

Test-11: [Mach 2 - 1500 g/s - 15% Blockage]

Table 3-15. Experimental vs. Numerical Schlieren Image [Test-12].

Experimental Schlieren

Numerical Schlieren

A1,exp (0)

aZ,exp (o)

A1,num (o)

az,num (o)

31

42

30

43

Percentage Absolute Error, %

Test-12: [Mach 2 - 1900 g/s - 15% Blockage]
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Table 3-16. Experimental vs. Numerical Schlieren Image [Test-13].

Experimental Schlieren

Numerical Schlieren

a1exp (o)

A2 exp (0)

al,num (o)

a2,num )

39

Percentage Absolute Error, %

Test-13: [Mach 2 - 750 g/s - 25% Blockage]

Table 3-17. Experimental vs. Numerical Schlieren Image [Test-14].

Experimental Schlieren

Numerical Schlieren

A1,exp (o)

az,exp (o)

al,num (o)

az,num (O)

39

Percentage Absolute Error, %

Test-14: [Mach 2 - 1100 g/s - 25% Blockage]




Table 3-18. Experimental vs. Numerical Schlieren Image [Test-15].

Experimental Schlieren

Numerical Schlieren

a1,exp (O)

a2 exp (0)

al,num (o)

a2,num )

34

36

53

Percentage Absolute Error, %

Test-15: [Mach 2 - 1500 g/s - 25% Blockage]

Table 3-19. Experimental vs. Numerical Schlieren Image [Test-16].

Experimental Schlieren

Numerical Schlieren

A1,exp (0)

az,exp (o)

A1,num (o)

az,num (o)

37

35

53

Percentage Absolute Error, %

Test-16: [Mach 2 - 1900 g/s - 25% Blockage]
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Table 3-20. Experimental vs. Numerical Schlieren Image [Test-17].

Experimental Schlieren Numerical Schlieren
al,exp (o) az,exp (O) al,num (0) az,num (o)
22 - 24 -

Percentage Absolute Error, %

Test-17: [Mach 2.5 - 750 g/s - 0% Blockage]

Table 3-21. Experimental vs. Numerical Schlieren Image [Test-18].

Experimental Schlieren Numerical Schlieren
al,exp (o) aZ,exp (o) al,num (O) az,num (O)
23 - 26 -

Percentage Absolute Error, %

Test-18: [Mach 2.5 - 1300 g/s - 0% Blockage]
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Table 3-22. Experimental vs. Numerical Schlieren Image [Test-19].

Experimental Schlieren Numerical Schlieren
al,exp (o) az,exp (0) al,num (0) az,num (o)
20 - 25 -

Percentage Absolute Error, %

Test-19: [Mach 2.5 - 1500 g/s - 0% Blockage]

Table 3-23. Experimental vs. Numerical Schlieren Image [Test-20].

Experimental Schlieren Numerical Schlieren
al,exp (o) aZ,exp (o) al,num (o) az,num (o)
21 - 25 -

Percentage Absolute Error, %

Test-20: [Mach 2.5 - 1900 g/s - 0% Blockage]
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Table 3-24. Experimental vs. Numerical Schlieren Image [Test-21].

Experimental Schlieren Numerical Schlieren
al,exp (o) az,exp (O) al,num (0) az,num (o)
20 31 21 30

Percentage Absolute Error, %

Test-21: [Mach 2.5 - 750 g/s - 8% Blockage]

Table 3-25. Experimental vs. Numerical Schlieren Image [Test-22].

Experimental Schlieren Numerical Schlieren
al,exp (o) aZ,exp (o) al,num (o) az,num (o)
22 32 22 30

Percentage Absolute Error, %

Test-22: [Mach 2.5 - 1300 g/s - 8% Blockage]
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Table 3-26. Experimental vs. Numerical Schlieren Image [Test-23].

Experimental Schlieren

Numerical Schlieren

a1,exp (o)

a2 exp (0)

al,num (o)

a2,num )

21

31

22

30

Percentage Absolute Error, %

Test-23: [Mach 2.5 - 1500 g/s - 8% Blockage]

Table 3-27. Experimental vs. Numerical Schlieren Image [Test-24].

Experimental Schlieren

Numerical Schlieren

a1exp (o)

az,exp (o)

al,num (o)

az,num (o)

18

30

24

30

Percentage Absolute Error, %

Test-24: [Mach 2.5 - 1900 g/s - 8% Blockage]
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Table 3-28. Experimental vs. Numerical Schlieren Image [Test-25].

Experimental Schlieren Numerical Schlieren
al,exp (o) az,exp (O) al,num (o) az,num (o)
21 40 23 39

Percentage Absolute Error, %

Test-25: [Mach 2.5 - 750 g/s - 15% Blockage]

Table 3-29. Experimental vs. Numerical Schlieren Image [Test-26].

Experimental Schlieren Numerical Schlieren
al,exp (o) az,exp (o) al,num (o) az,num (o)
20 40 20 38

Percentage Absolute Error, %

Test-26: [Mach 2.5 - 1300 g/s - 15% Blockage]
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Table 3-30. Experimental vs. Numerical Schlieren Image [Test-27].

Experimental Schlieren

Numerical Schlieren

a1,exp (o)

a2 exp (0)

al,num (o)

a2,num )

21

40

20

39

Percentage Absolute Error, %

J—

Test-27: [Mach 2.5 - 1500 g/s - 15% Blockage]

Table 3-31. Experimental vs. Numerical Schlieren Image [Test-28].

Experimental Schlieren

Numerical Schlieren

A1,exp (o)

aZ,exp (o)

al,num (o)

az,num (o)

21

42

23

39

Percentage Absolute Error, %

Test-28: [Mach 2.5 - 1900 g/s - 15% Blockage]
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Table 3-32. Experimental vs. Numerical Schlieren Image [Test-29].

Experimental Schlieren Numerical Schlieren
al,exp (o) az,exp (O) al,num (0) az,num (o)
25 45 26 44

Percentage Absolute Error, %

Test-29: [Mach 2.5 - 750 g/s - 25% Blockage]

Table 3-33. Experimental vs. Numerical Schlieren Image [Test-30].

Experimental Schlieren Numerical Schlieren
al,exp (o) az,exp (o) al,num (o) az,num (O)
21 45 23 45

Percentage Absolute Error, %

Test-30: [Mach 2.5 - 1300 g/s - 25% Blockage]
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Table 3-34. Experimental vs. Numerical Schlieren Image [Test-31].

Experimental Schlieren

Numerical Schlieren

a1,exp (o)

a2 exp (0)

al,num (o)

a2,num )

20

44

22

45

Percentage Absolute Error, %

Table 3-35. Experimental vs. Numerical Schlieren Image [Test-32].

Experimental Schlieren

Numerical Schlieren

A1,exp (o)

aZ,exp (o)

al,num (o)

az,num (o)

20

44

23

45

Percentage Absolute Error, %

Test-32: [Mach 2.5 - 1900 g/s - 25% Blockage]
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4. CONCLUSION AND FUTURE STUDY

4.1. Conclusion

In this thesis, test section of the high altitude test system was investigated with/without
blockage test articles experimentally and numerically. Ejector section of the high
altitude test system was not the part of this study and just used for the outlet pressure
boundary condition in the numerical analyses and considered working at its optimum
condition around 20 bar ejector nozzle inlet total pressure for successful starting of the
free-jet nozzle in the experimental tests. Mach 2.5 free-jet nozzle was designed using
one-dimensional theory of nozzle besides Mach 2 free-jet nozzle to test different Mach
number and altitude conditions. Free-jet nozzle calculations were performed with
entrainment ratio of 0.33 as around 1 kg/s in accordance with the ejector nozzle mass
flow rate as around 3 kg/s. Mass flow rate of 1 kg/s test condition for the free-jet nozzle
was the main subject of the experimental tests. This condition is coming from the thesis
result about determining design parameters of the high altitude test system established
in TUBITAK-SAGE [2]. Lower and higher mass flow rates than 1 kg/s were also
chosen for the mass flow rate of the free-jet nozzle inlet to characterize and show
diversities in the test chamber pressure. Both of the free-jet nozzles were installed into
the test chamber to ensure the high altitude pressure environment and so to test the
articles in the vacuum pressure environment. High altitude test system did not start as
expected for the lower mass flow rates of free-jet nozzle and in some situations with
higher blockage test articles test chamber pressure was not also lowered to start the test

system.

The test articles with three different blockage ratios according to both of the free-jet
nozzles were designed with a special nosecone geometry. The supporting mechanism
was also designed. These supporting mechanism and test articles were installed for
different test conditions inside the test chamber. The experimental tests were conducted
in HATS established in the test facility. Pressure, temperature and mass flow rate data
were collected during these experimental tests. Vacuum pressure in the test section
diffuser was measured from the wall used for pressure outlet boundary condition in
numerical analyses. The weighted average pressure at this plane obtained from the

experimental tests can be lower in reality to be used for CFD analyses as pressure outlet
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boundary condition because of the high speed flow occurring at the centerline of the test
section diffuser outlet.

It is observed that there are high fluctuations in the pressure data sampled during some
of the experimental tests. When the free-jet nozzle exit pressure is lower than the test
chamber pressure, the amplitude of the pressure oscillations becomes higher. Amplitude
of the fluctuations in the pressure data increases for fixed geometry of the ejector
system for Mach 2 compared to Mach 2.5 free-jet nozzle because of that free-jet nozzle
and diffuser are at unstarted mode or moderately started mode and pressure oscillates
due to the moving waves inside the system. The diameter of the ejector diffuser is
calculated for a given total mass flow rate that is the sum of the primary and secondary
mass flow rates. If this determined mass flow rate increases, ejector cannot show good

performance and test section diffuser and test chamber pressure also increase.

Schlieren method were used to visually inspect the fluid flow properties like
shockwaves. The mass flow rate and blockage ratio effects on the test chamber pressure
were compared by using experimental test results and numerical simulation results. The
numerical analyses were performed with the help of the data obtained from the
experimental tests for the same conditions. The fluid flow properties were compared
obtained from numerical analyses with experimental tests including Schlieren images.
The altitude condition low pressure environment between 9000 and 17000 meters for
Mach 2 free-jet nozzle and between 15000 and 22000 meters for Mach 2.5 free-jet
nozzle were simulated in this study. Sea level or other altitude conditions can also be
simulated for different flow rates of the free-jet nozzles. Atmospheric pressure data is
also given in Appendix-2 in detail. Mach 2 free-jet nozzle was used in this study, which
is a continuation of the thesis about design parameter of the HATS [2]. Then, it was
concluded that for most test conditions this Mach 2 free-jet nozzle was not started and
test chamber pressure does not appear to decrease. Hence, this can be said as a result
that another free-jet nozzle with lower nozzle exit diameter may be used to test also
Mach 2 test conditions. Mach 2.5 free-jet nozzle was designed and tested in this study.
Its exit diameter was lowered and exit pressure was always higher than the test chamber

pressure for all cases except 25% blockage with the lowest mass flow rate.
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It was also observed that one of the crucial factors is the diffuser diameter. The ratio of
the free-jet nozzle exit diameter to the test section diffuser diameter is around 80% for
Mach 2 free-jet nozzle and around 70% for Mach 2.5 free-jet nozzle. Then, it was the
result of this ratio that Mach 2 free-jet nozzle is not started and does not lower the test
chamber pressure at the desired levels. This difference for Mach 2 free-jet nozzle
compared to the Mach 2.5 free-jet nozzle can also be seen from the experimental test
results that very high pressure oscillations occur for the test chamber pressure and this
oscillation is getting higher for higher free-jet nozzle inlet pressure. This is due to this
reason that free-jet nozzle exit diameter is very close to the test section diffuser
diameter and flow coming from the free-jet nozzle is not captured totaly by the test
section diffuser and fills the test chamber. To lower this test chamber pressure, the exit
diameter of the free-jet nozzle should also be decreased for a fixed diameter of the

diffuser to capture the whole flow.

4.2. Future Study

Proposed study examples given below can be used for future studies,

e Hot flow conditions can be tested by supplying high temperature airflow to the
test articles

e Different free-jet nozzles can be used to test different Mach number conditions

e Color Schlieren Photography Method, ‘CSPM’ can be used to obtain more and
sensitive data in shockwave researchs

e Positive and/or negative angle of attack can be given to the test articles to
observe the effects of the angle and so higher blockage ratios

e The free-jet nozzle exit diameter according to the diffuser entry duct diameter
can be studied both experimentally and numerically

e Mixing characteristics of the flow from the free-jet nozzle and ejector nozzle can

be studied using Particle Image Velocimetry, ‘PIV’
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APPENDIX

1 - Test Setup and Measurement Locations

] ” -
D }}}}}"}!M w .f.\..;!ﬂhﬂlﬂﬂwvﬁr:,

M

Figure 1-2. Test Chamber and Test Section Diffuser Pressure and Temperature
Measurement Locations.
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Figure 1-3. Test Section Diffuser-Ejector Nozzle Feed Manifold Connection and Ejector
Nozzle Inlet Pressure and Temperature Measurement Locations.

Table 1-1. Measurement Location Numbers.

Pressure Transducers Thermocouples
T1-T2-T3

P1-P2-P3-P4-P5-P6-P7-P8-P9-P10-P11-P12
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2 - Atmospheric Pressure Data

Table 2-1. Atmospheric Pressure Data.

Altitude, m | Atmospheric Pressure, Pa | Altitude, m | Atmospheric Pressure, Pa

0 101325 3048.0 69682
15.240 101142 4572.0 57182
30.480 100959 6096.0 46563
60.960 100595 7620.0 37601
91.440 100231 9144.0 30090
121.92 99869 10668 23842
152.40 99506 12192 18754
182.88 99147 13716 14748
213.36 98788 15240 11597
243.84 98430 16764 9120
274.32 98072 18288 7172
304.80 97717 19812 5640
609.60 94213 21336 4438
914.40 90812 22860 3498
1219.2 87511 24384 2762
1524.0 84307 25908 2184
1828.8 81200 27432 1730
2133.6 78185 28956 1372
2438.4 75262 30480 1090
2743.2 72429
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3 - Test Matrix

Table 3-1. Test Matrix.

Free-Jet | Free-Jet | Free-Jet Test
Mach Nozzle Nozzle Nozzle Block_age Cham_ber
Number Mass Flow Inlet Outlet Ratio Static
Rate Pressure | Pressure (%) Pressure
(9/s) (Pa) (Pa) (Pa)
Test-1 2 750 55500 7095 0 13500
Test-2 2 1100 79500 10160 0 8100
Test-3 2 1500 112500 14380 0 8900
Test-4 2 1900 138000 17640 0 11000
Test-5 2 750 55000 7030 8 14500
Test-6 2 1100 80000 10225 8 13500
Test-7 2 1500 112000 14315 8 12500
Test-8 2 1900 140000 17895 8 15000
Test-9 2 750 55000 7030 15 14600
Test-10 2 1100 80000 10225 15 14700
Test-11 2 1500 112000 14315 15 15800
Test-12 2 1900 138000 17640 15 19000
Test-13 2 750 54000 6900 25 17000
Test-14 2 1100 80000 10225 25 19300
Test-15 2 1500 112000 14315 25 24500
Test-16 2 1900 138000 17640 25 29300
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Free-Jet | Free-Jet | Free-Jet Test
Mach Nozzle Nozzle Nozzle Block_age Cham_ber
Number Mass Flow Inlet Outlet Ratio Static
Rate Pressure | Pressure (%) Pressure

(9/s) (Pa) (Pa) (Pa)
Test-17 25 750 115500 6760 0 3800
Test-18 25 1300 178500 10450 0 5900
Test-19 2.5 1500 206000 12060 0 6800
Test-20 25 1900 245000 14340 0 8100
Test-21 2.5 750 114000 6670 8 4150
Test-22 25 1300 178000 10400 8 6500
Test-23 2.5 1500 206000 12050 8 7450
Test-24 2.5 1900 234000 13695 8 8500
Test-25 2.5 750 115000 6730 15 4600
Test-26 2.5 1300 180000 10535 15 7100
Test-27 2.5 1500 208000 12170 15 8200
Test-28 2.5 1900 235000 13750 15 9250
Test-29 2.5 750 116000 6790 25 8000
Test-30 2.5 1300 180000 10535 25 8600

Test-31 2.5 1500 210000 12290 25 10200

Test-32 2.5 1900 235000 13750 25 11350
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4 - Experimental Data from Tests

Air Mass Flow Rate-Time Temperature-Time
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Figure 4-1. Test-1: [Mach 2 - 750 g/s - 0% Blockage].
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Figure 4-2. Test-2: [Mach 2 - 1100 g/s - 0% Blockage].
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Figure 4-3. Test-3: [Mach 2 - 1500 g/s - 0% Blockage].
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Figure 4-4. Test-4: [Mach 2 - 1900 g/s - 0% Blockage].

116

180



800

600 [

Mass Flow Rate(g/s)

Free-Jet Nozzle Air Mass Flow Rate

Air Mass Flow Rate-Time

E

308

Temperature-Time

e | 306
K 3
304 \

302 R

w
=]
o

Temperature(K)
n N
w0 o
(=2} =]

Free-Jet Nozzle

294

292

290

288

T
=12

[Mngan,

100 150 0 20 40

Time(s)

90000

80000 [

70000

Pressure(Pa)
3 3
3 3
o o

40000

60 80 100 120 140 160
Time(s)

Test Chamber and Ejector Nozzle Feed

Manifold Connection Temperature

Pressure-Time

P1-raw
P1-fitered
P2-raw
P2-filtered

30000
20000 |
10000 : : : g : : : :
0 20 40 60 80 100 120 140 160 180
Time(s)
Free-Jet Nozzle Inlet Pressure
Pressure-Time
90000 s T T
P3-raw
80000 1 P3-filtered
P4-raw
70000 | P4-filtered
60000 |
g
il 50000
= |
[72]
g 40000
o
30000
20000 |
10000 |
0 | | ! | | ! ! |
0 20 40 60 80 100 120 140 160 180

Time(s)

Test Chamber Pressure

Figure 4-5. Test-5: [Mach 2 - 750 g/s - 8% Blockage].
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Figure 4-6. Test-6: [Mach 2 - 1100 g/s - 8% Blockage].
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Figure 4-7. Test-7: [Mach 2 - 1500 g/s - 8% Blockage].
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Figure 4-8. Test-8: [Mach 2 - 1900 g/s - 8% Blockage].
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Figure 4-9. Test-9: [Mach 2 - 750 g/s - 15% Blockage].
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Figure 4-10. Test-10: [Mach 2 - 1100 g/s - 15% Blockage].
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Figure 4-11. Test-11: [Mach 2 - 1500 g/s - 15% Blockage].
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Figure 4-12. Test-12: [Mach 2 - 1900 g/s - 15% Blockage].
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Figure 4-13. Test-13: [Mach 2 - 750 g/s - 25% Blockage].
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Figure 4-14. Test-14: [Mach 2 - 1100 g/s - 25% Blockage].
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Figure 4-15. Test-15: [Mach 2 - 1500 g/s - 25% Blockage].
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Figure 4-16. Test-16: [Mach 2 - 1900 g/s - 25% Blockage].
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Figure 4-17. Test-17: [Mach 2.5 - 750 g/s - 0% Blockage].
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Figure 4-18. Test-18: [Mach 2.5 - 1300 g/s - 0% Blockage].
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Figure 4-19. Test-19: [Mach 2.5 - 1500 g/s - 0% Blockage].
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Figure 4-20. Test-20: [Mach 2.5 - 1900 g/s - 0% Blockage].
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Figure 4-21. Test-21: [Mach 2.5 - 750 g/s - 8% Blockage].
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Figure 4-22. Test-22: [Mach 2.5 - 1300 g/s - 8% Blockage].
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Figure 4-23. Test-23: [Mach 2.5 - 1500 g/s - 8% Blockage].
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Figure 4-24. Test-24: [Mach 2.5 - 1900 g/s - 8% Blockage].
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Figure 4-25. Test-25: [Mach 2.5 - 750 g/s - 15% Blockage].
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Figure 4-26. Test-26: [Mach 2.5 - 1300 g/s - 15% Blockage].
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Figure 4-27. Test-27: [Mach 2.5 - 1500 g/s - 15% Blockage].
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Figure 4-28. Test-28: [Mach 2.5 - 1900 g/s - 15% Blockage].
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Figure 4-29. Test-29: [Mach 2.5 - 750 g/s - 25% Blockage].
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Figure 4-30. Test-30: [Mach

2.5 - 1300 g/s - 25% Blockage].
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Figure 4-31. Test-31: [Mach 2.5 - 1500 g/s - 25% Blockage].
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Figure 4-32. Test-32: [Mach 2.5 - 1900 g/s - 25% Blockage].
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