D

E
LICH.

!

=

S

ive

5
MZEXE HAIGHA OF

O N

o
[

2|

M

creat
commons

—

[—

t

[¢]

LICt:

O M
st

)

C
MNERLEAlL A

ZHE Metor

—
=
=

R0 5 A

i 0 <4 15
o) B¢ 53 o0
) E[o} o
) = 7
&3 10 ol 00
< il R
jum] J—

ol 0~ =
il 3 o on
) X Rr
Rr S =

%_ =B s
r o m._ -
o o O
_ Rr RO
% R of
o © o il
—_ jum]

1] N ol =
R iS ol =
= T Uo gwo
) RE] S
1 ° s =
o) K —
= TR mrr
&= o

ol Kl <. KM
80 ol JIJ =
Ee) W = )
©

X ESLICH

I 2t

tOd

ot |

[¢]

H

=

[¢

o]
lection

=

=

Disclaimer
O

5

FAI LEEHLH O OF
E2FH 29

¢}
X

=

]

0l N2 0| =3 & 72 (Legal Code)

HEAH0l [E 0l8Ke als 2o ol o



http://creativecommons.org/licenses/by-nc-sa/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-sa/2.0/kr/

FHRALI =T

3 EE SE2EE TF UFAC A%
A 292 7%e wE £4 R AALTF

Surrogate Model based Sensitivity Analysis and Design Study for
High Efficiency Hypersonic Wind Tunnel Diffuser

20234 24



94 24 Jde UE 24 9 4AGT

Surrogate Model based Sensitivity Analysis and Design Study for
High Efficiency Hypersonic Wind Tunnel Diffuser

o] =g FHLA A =% AEH
2023 29

Agd s W
FT+F5
7} o A
A te] FHuh G EE AEF
2023 2€

AdA:_o_2 3%

B9t :_ 37 %
9 Q:__o_ 8 x
9 Q:_= ¥§_=
a9 Q:_9_A_A




Abstract

The operation of hypersonic wind tunnel (HWT) requires an
excessive pressure ratio owing to the excess total pressure loss in
the hypersonic environment. Therefore, designing a diffuser that can
alleviate this total pressure loss by compressing the hypersonic flow
efficiently is essential.

However, research on the design of the HW'T diffuser cannot be
considered to have been sufficiently conducted, and the disclosure of
the research have been Ilimited. Conventional diffuser design
methodologies use simplified analysis or rule of thumb, and in most
cases, when designing a diffuser, simply referencing the existing
diffuser shapes, or relying highly on the researcher’s know—how and
insights. It can be said that the HWT diffuser derived in this way has
a high risk of having too low efficiency or being inoperable.

This study aimed to design an efficient HWT diffuser that enables
HWT testing with a large blockage model with limited resources. The
conventional consensus required a larger HWT for the test of the
large blockage model, which will cause an exponential increase in
cost. Therefore, through comprehensive diffuser design research, it
was possible to design the diffuser shape that can test the large
blockage model. Additionally, the study minimized the cost of
constructing and operating a HWT by maximizing the diffuser
efficiency.

The efficient HWT diffuser was designed by using a design
method that was more sophisticated than the conventional inefficient
and high—risk design method. First, the fundamental characteristics
of the HWT were analyzed through numerical analysis, and an
innovative observation value helpful for effective diffuser design
were proposed. After that, a parametric study based design study
was conducted. The effect of each design variable on the diffuser

efficiency was investigated, and a HWT diffuser that could be

i SRk



operable even in the presence of a test model with a large blockage
ratio was designed.

However, the parametric study based design method is inefficient
in terms of time and resource because parametric studies must be
repeatedly performed until the design requirements is fulfilled.
Therefore, surrogate model based design study was conducted to
resolve this inefficiency. First, a framework was established to
analyze the diffuser design space systematically and efficiently. The
framework consists of a DOE based analysis point sampler, an
automated flow analysis and diffuser efficiency evaluation module, a
kriging surrogate model generation module, and a sensitivity analysis
module. Using this framework, the surrogate models were
constructed and the entire design space of the HWT diffuser was
quantitatively investigated via sensitivity analysis.

Using the surrogate models, the HWT diffuser shape with higher
efficiency than the parametric design method was effectively derived.
In addition, considering the on—design condition of Mach 7 flow
condition and off—design condition of Mach 4.7 simultaneously, a
diffuser shape that can be operable with high efficiency under the
wide range of flow conditions was derived.

Finally, important design considerations obtained through this
design are presented. Considerations included essential flow
characteristics and guidelines to increase stability and efficiency of
the HWT. The on—design flow conditions in this study are reservoir
pressure of 28.6 bar, total temperature of 2,216 K, and hypersonic
flow of 2 kg/s through a Mach 7 nozzle. This condition corresponds
to a MW —class large—capacity HW'T with a capacity of 13 MW. It is
hoped that this study will be useful data when designing a diffuser in

an environment where research on HWT diffusers is limited.

Keyword: Hypersonic wind tunnel, Diffuser, Design, CFD, Surrogate
model, Sensitivity analysis
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CHAPTER 1

INTRODUCTION

1.1. Background

1.1.1. Hypersonic Wind Tunnel

Over the years, hypersonic applications have been extensively
studied using plasma or hypersonic wind tunnels. Studies related to
scramjet (Rabadan Santana & Weigand, 2021; Riehmer et al., 2014;
Saravanan et al., 2021), ablation and re—entry (Gardi et al., 2011;
Noh & Kim, 2019; Saccone et al.,, 2016), and heat transfer at

hypersonic flow (Gonzales et al., 2021) have been actively conducted.

Moreover, research on hypersonic wind tunnels has been conducted
(Agostinelli et al., 2020; Shams et al., 2020; Solomon, 2021).
Hypersonic wind tunnel (HWT) is a device simulating hypersonic
and high—enthalpy flow environments on the ground. In general,
these facilities comprise a plasma generator or heater, nozzle, test
section, diffuser, heat exchanger, and vacuum facility (Fig. 1). The
plasma generator generates a high—enthalpy gas and the nozzle
accelerates the heated gas, resulting in the hypersonic and high—
enthalpy flow in the test section. The gas passes through the test
section, diffuser, and heat exchanger before entering the vacuum

facility.
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Fig. 1. Schematic of a hypersonic wind tunnel

In comparison with the construction and operation of
conventional supersonic wind tunnel, those of HWT is more
challenging. A HWT requires a high—pressure ratio between the test
section and diffuser exit for its operation (Savino et al., 1999) and is
typically intended for continuous long—term operations (R.S
Pugazenthi & Andy C. McIntosh, 2011). Furthermore, the test model
generates an additional total pressure loss in the test section and an
increased risk of spillage of the deflected flow into the test section.
Therefore, a hypersonic wind tunnel requires a large—scale pressure
tank, vacuum facility, and plasma generator with high power. The cost
of constructing and operating these facilities is considerably high,
rendering the construction of the required hypersonic wind tunnel
difficult.

1.1.2. Hypersonic Wind Tunnel Diffuser

HWT diffuser is used to address the problems mentioned in the
previous section. The hypersonic / supersonic flow in the diffuser
decelerates to a subsonic flow during the total pressure loss caused
by the shock wave, friction, heat transfer, and other factors. An
efficient diffuser can achieve a high pressure recovery to reduce the
required total pressure ratio by minimizing the loss in the diffuser.
Additionally, an appropriately designed diffuser can prevent blockage
and spillage by capturing and passing the flow from the nozzle.

However, designing an efficient diffuser for a HWT is more
challenging than designing that of a supersonic wind tunnel. The flow

in a HWT exhibits a high temperature and low Reynolds number,
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resulting in a dominant viscous effect that renders the flow different
from that of a supersonic wind tunnel (Monti et al., 2001; Savino et
al., 1999). This is particularly true when the duct of a HWT is small,
with a diameter of the nozzle exit of the order of a few centimeters.
Under these conditions, complex flow structures, such as thick
boundary layers and strong shock—boundary—layer interactions
occur, and the total pressure loss is substantially higher than that of
a general supersonic wind tunnel diffuser (Monnerie, 1967; Savino et
al., 1999). Moreover, the HWT requires additional components, such
as a heater or plasma generator, heat exchanger, and vacuum facility,
which complicate the designing of a diffuser further. Especially, the
performance capabilities of the vacuum facility must be considered in

the diffuser designing.

1.1.3. Previous Research on HWT and HWT Diffuser

Several studies (Brune et al., 2019; Monti et al., 2001; Savino et
al.,, 1999) have reported that the design of HWT diffusers has not

been investigated extensively. Previous studies have primarily

focused on exploring experimental methods of designing the diffusers.

Wegener et al. conducted an experimental study on the diffuser
performance by varying the diffuser throat configuration (Wegener
& Lobb, 1953). Hanus et al. investigated the influence of the blockage
ratio of a model and diffuser throat length (HANUS et al.,, 1991).
Additionally, Monnerie et al. presented a simple theoretical prediction
based on various shape parameters of the diffuser and conducted
comparative studies using experimental data (Monnerie, 1967).
However, owing to the fundamental limitations of the experiments,
the aforementioned studies did not investigate the various diffuser
shapes and their flows sufficiently.

Furthermore, numerical studies have investigated the internal
flow of the HW'T diffuser, and the performance of HWTs has been
evaluated by estimating the maximum operable back—pressure

condition. Savino et al. studied the effect of a low Reynolds number



inside a hypersonic wind tunnel and evaluated the diffuser
performance considering various back—pressure conditions (Savino
et al., 1999). Monti et al. investigated the flow in a diffuser with
different back—pressures in a subscale model of a hypersonic wind
tunnel (Monti et al., 2001). Agostinelli et al. evaluated the
performance of a HWT diffuser along with an ejector system and
presented a detailed description of the computational fluid dynamics
procedure (Agostinelli et al., 2020). Brune et al. executed the flow
analysis and performance evaluation of a HWT diffuser under various
conditions and conducted studies on diffuser boundary conditions,
non—equilibrium influence, and diffuser cooling systems (Brune et al.,
2019).

Several studies have focused on the design of HWT diffusers.
Pugazenthi et al. presented a design methodology and thumb rules of
design for each part of the diffuser and predicted its performance
using numerical simulations. However, the diffuser shape was not
optimized, and the presented design methodology was primarily
aimed at a preliminary configuration of the diffuser (R.S Pugazenthi
& Andy C. Mclntosh, 2011). Agostinelli et al. had confronted an
unstarting problem of HWT, and successfully solved the unstarting
problem by redesigning the diffuser based on the shape of the
existing HWT diffusers (Agostinelli et al., 2019). Similarly, HWT
diffusers have been designed based on design thumb rules or existing
shapes; however, this design can generate inefficient or inoperable
diffusers. As a preceding study of this study, an efficient diffuser
shape was designed based on a parametric study using CFD analysis
(Choi et al., 2021), or an idea for improving diffuser performance was
presented (Sol Baek et al., 2022), but it is difficult to say that related

research has been sufficiently conducted.
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1.2. Motivation and Objectives

1.2.1. Large Blockage Model Test in Hypersonic Flow

One of the hardest difficulties of this study was a highly
challenging design objective. As will be described later, one of the
most important goals of this study was to derive a diffuser shape that
can test a model with a blockage ratio of 40% in the hypersonic flow
of Mach 7. Considering that the design of an operable HW'T have been
considered to be highly difficult (Monti et al., 2001; Savino et al.,
1999; Shams et al., 2020), and some inoperability were reported
even in freejet condition where a model did not exist in test section
(Agostinelli et al., 2019), including the model made this design
objective much challenging.

The consensus in wind tunnel testing has been that test models
should be manufactured according to the scale of wind tunnel, and if
it 1s necessary to test a large—size model, it requires a larger wind
tunnel. This is a safe decision, although it will incur excessive cost.
In general, HWTs at Mach number 7 have been tested with a blockage
ratio of about 10 to 20%, and a blockage ratio higher than that range
has been considered virtually difficult to test. In the case of the
experimental literature with similar inflow conditions to present
study, it was confirmed that the HWT test was difficult from about
10% of blockage at Mach 7 (Austin, 1966).

However, when trying to increase the size of a HWT in
proportion to the size of a test model in the conventional way, an
exponential increase in cost will occur. For example, as in this study,
if trying to increase the test model size to 4 times the general level,
the duct area of the nozzle and diffuser should be approximately 16
times larger. Since this duct needs to be filled with flow, the power
consumption for a gas generator will increase exponentially.
Likewise, the required power of the heat exchanger and vacuum
facility will increase exponentially, rendering a rapid increase in cost.

The rapid increase in required power can also be confirmed
through the examples of SCIROCCO and GHIBLI HWTs in CIRA, Italy.



SCIROCCO is, to the author's best knowledge, the world's largest
HWT, and GHIBLI is SCIROCCQO's scaled—down wind tunnel. It is
known that a reduced—scale wind tunnel called GHIBLI was created
because it is unnecessarily expensive to test small—sized models
with SCIROCCO (Purpura et al., 2007). As shown in the Table 1,
SCIROCCO can test a model of about 600 mm, and GHIBLI can test a
model of 80 mm. Looking at the power of the arc heater required, it
1s 70:2, which is about 35 times the difference. In terms of multipliers,
the required power is about the 1.8 power of the model size ratio,
and it seems that the required power varies considerably depending

on the size of the wind tunnel.

Table 1. Comparison of specifications between CIRA’s SCIROCCO and
GHIBLI HWT (Borrelli & Martucci, 2011; Purpura et al., 2007)

SCIROCCO GHIBLI Multiple
Arc Heater Power (max)
[MW] 70 2 35.0
Gas Mass Flow Rate (max) 5 06 33
[kg/s]
High Temperature ~10,000K ~1300kW /m? -
Simulation
Nozzle Exit Diameter 1950 152 12.8
[mm]
Mach Number 12 10 1.2
Max Model Size 600 30 75
[mm]
Max Blockage Ratio 9% 28% -

Therefore, it was judged that the design method of simply
increasing the size of HWT for the test of a large model was a quit
inefficient approach, and above all, it was a method that could not be
used in this study, which had considerably limited resources. In this
study, prior to the design of the diffuser, the reservoir condition, the
shape and size of the nozzle, and the specifications of the vacuum
facility were limited for practical reasons such as cost. :
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Under these circumstances, this study aimed to make the
hypersonic test with the large blockage model possible by focusing
on designing the diffuser innovatively. It was highly challenging
design objective to enable the test of a considerably large blockage
model of 40% in a fixed reservoir condition and vacuum facility by

designing only the shape of the diffuser.

1.2.2. Considering Diffuser as Optimization Target

Until now, HW'T diffusers have been just subject to simply sizing,
but in this study, the diffuser was more elaborately designed and
optimized to enable large—size model tests under quit challenging
design constraints. In addition, by maximizing the efficiency of the
diffuser, the construction and operational cost were reduced as much
as possible.

Fig. 3 shows the configuration of NASA Langley's AHSTF (Witte
et al., 2004). The reservoir conditions in this study were determined
identical to those of the AHSTF. The front of the HWT diffuser of
AHSTF is simply composed of a cylindrical shape with a large
diameter and a conical subsonic diffuser at the rear. A large duct size
may have the advantage of reducing the risk of spillage of the flow
ejected from the nozzle even in various models and various flow
conditions, and preventing the risk of not passing the entire flow rate
due to choking that may occur in the diffuser.

However, as will be described in detail later, when considering
the efficiency of the diffuser, the cylinder diameter of the diffuser
was judged to be excessively large, which resulted in severely
adverse effect on the diffuser efficiency. The size of the subsonic
diffuser i1s also judged to be excessive and can be a factor that

increases the construction cost.
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Fig. 3. Configuration of NASA Langley AHSTF (dimension unit converted
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What should be noted in Fig. 3 is the large—scale vacuum tank
with a diameter of more than 30 m. It is judged that the performance
of these vacuum facilities would have made it possible to successfully
test even with the quit inefficient diffuser shape. In other words, the
major advanced countries in aerospace fields, which are relatively
free in terms of cost and space, would be easy to build and operate
large—scale HWTs. Rather than the need for challenging efforts to
design and increase the efficiency of diffusers, it is judged that the
advanced countries has been focusing on stable test even if excessive
costs would be incurred.

Therefore, an efficient diffuser design study to enable a test in
challenging circumstances (requiring larger model test, limited
reservoir conditions, wind tunnel size, vacuum facility specifications)
has not be sufficient performed. However, as will be shown in this
study, well—designed diffusers can enable tests under challenging
conditions that were conventionally considered impossible and
maximize diffuser efficiency to reduce construction and operation

costs.

The present study primarily focused on the operability of diffuser,

and reducing total pressure loss, in other words, improving the

efficiency of the diffuser. Thereby this study relieved the required
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pressure ratio and designing a HWT diffuser for a large—sized model
test under restrictive conditions. For this objective, the conventional
design method could not be used, and a more sophisticated design
method was used as described in following section. Valuable design
considerations were introduced in the process of successfully
deriving a high efficiency diffuser that can operate under severe

conditions.

1.2.3. Sophisticate and Efficient Design Procedure

As mentioned in 1.1. Background section, in the background of
the fatal limitations of the conventional design method and the quite
insufficient HW'T diffuser related research, it will be difficult to
derive an efficient diffuser shape using the conventional method.
Above all, there is a high risk of deriving an inoperable or highly
inefficient diffuser shape from the conventional design. The present
study tried to resolve this problem and the problem that the
conventional design relies on the insights or know—how of
researchers.

Efficient HWT diffuser was designed by using a design method
that was more sophisticated than the conventional method. The first
method was parametric study based design, and the second method
was surrogate model based design. Before design study, the
fundamental characteristics of the HWT were analyzed through
numerical analysis, and an innovative observation value useful for
effective diffuser design were newly proposed.

In the parametric study based design (Fig. 4), a parametric study
was performed through numerical analysis for each design variable.
The effect of each design variable on the diffuser efficiency was
investigated. This study primarily focused on reducing total pressure
loss, in other words, improving the pressure recovery or the
efficiency of the diffuser, thereby relieving the required pressure
ratio and designing a HWT diffuser for a large—sized model test

under restrictive conditions.
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Fig. 4. Schematics of parametric study based design process for HWT diffuser

However, the parametric study based design method is inefficient
in terms of time and resource because parametric studies must be
repeatedly performed until the design requirements are satisfied.
Therefore, surrogate model based design study (Fig. 5) was
conducted to resolve this inefficiency. In this design method, once a
reliable surrogate model was established, the diffuser performance
according to the shape of the diffuser could be immediately derived,
so it was used for diffuser design and sensitivity analysis effectively.

First, a framework was established to analyze the diffuser design
space systematically and efficiently. The framework consists of a
DOE based analysis point sampler, an automated flow analysis and
diffuser efficiency evaluation module, a kriging surrogate model
generation module, and a sensitivity analysis module. Using this
framework, the present study thoroughly evaluate the HWT diffuser
design space by using surrogate model without excessive numerical
analysis. The influence of each variable on the diffuser performance
was quantitatively and comprehensively investigated.

Using the constructed surrogate model, the diffuser shape of the
hypersonic wind tunnel with higher efficiency at Mach 7 was derived.

This shape had higher efficiency than the shape from the parametric
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based design method. Subsequently, as a further study assuming a
more general situation, a diffuser with high efficiency not only in the
on—design Mach 7 flow condition but also in the off —design Mach 4.7
flow condition (that is, to cover a wide range of flow condition and
achieve high efficiency) was derived.

The results of the study could serve as a guide for achieving
higher pressure recovery of a HWT diffuser. In addition, owing to the
limited related studies in current literature, it is expected that this

study could be a reference for designing a HWT diffuser.
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Fig. 5. Schematics of surrogate model based design process for HWT diffuser
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1.3. Outline of Dissertation

The outline of this dissertation is shown in Fig. 6. After
explaining the background and motivation of this study in Chapter 1,
Chapter 2 deals with the core concept of the HWT diffuser, the
subject of this study. In Chapter 3, the theories used in the design
study were described in detail. In Chapter 4, the flow characteristics
of HW'T were analyzed through CFD analysis. After that, the contents
of design study appear. In Chapter 5, the diffuser shape is defined as
a parameter and the design problem is defined. Chapter 6 for
parametric study based design, and Chapters 7 and 8 for surrogate
model—based design and sensitivity analysis are structured in

parallel. This is followed by the conclusion of Chapter 9.

Chapter 1.
Introduction

Chapter 2.
Hypersonic Wind Tunnel Diffuser

Chapter 3.
Methodology

Chapter 4.
General Aspect of HWT

Chapter 5.
Parameterization and Design Objectives

Chapter 6. Chapter 7.
Parametric Study based Design Surrogate Model based Design
Chapter 8.
Sensitivity Analysis

v

Chapter 9.
Conclusion

Fig. 6. Outline of the dissertation
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CHAPTER 2

HYPERSONIC WIND TUNNEL
DIFFUSER

2.1. Overview

This chapter deals with the core concept of the HWT diffuser.
Briefly review the current status of HW'T constructed worldwide,
classify HWT into “hot wind tunnel” and “cold wind tunnel,” and
describe each characteristic. The operating conditions of this study
belong to the “cold wind tunnel.” After that, the general
characteristics of the internal flow of the HWT were examined from
previous studies. It was confirmed that these general characteristics
make it difficult to analyze the diffuser and predict its performance.
Finally, the performance of the diffuser, which will be the objective
function values throughout the study, was examined by dividing it into

two aspects: operability and efficiency.
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2.2. Current Status of HWT

In the world, major advanced countries built not only small—scale
hypersonic facilities, but also MW —class large—capacity HWT (Fig.
7), and actively conducted research through these HWT. These
useful facilities are mainly concentrated in major advanced countries
(Fig. 8). These facilities are not available to other countries, because
related information or data of HW'T is of secret nature. Therefore, it
1s judged that the construction of hypersonic facilities in each country
1s necessary for effective research in the aerospace field.

In South Korea, several experimental studies have been
conducted using small scale HWT existing at Chonbuk National
University (M. Kim et al., 2013), but large capacity HWT
construction and research on it have not yet been sufficiently

conducted.

AL A AL AL

CIRA SCIROCCO

= uyp to 10 MW

Fig. 7. Worldwide MW class large-capacity hypersonic wind tunnels (Borrelli
& Martucci, 2011)
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2.3. Type of HWT

Fig. 9 shows the operational area of the ground test facilities.
HW'T can be divided into two categories. First, in the case of a “Hot
wind tunnel,” the heater heats the gas up to 10,000 K, which will
require arc—heater. This wind tunnel is mainly used for reentry or
ablation research, and simulates the high enthalpy, high temperature,
and chemical reaction.

Next, in the case of a “Cold wind tunnel,” it is operated at a
relatively low temperature about 2,000 K, where the heater heats the
gas just enough to prevent liquefaction of gas during the high Mach
expansion. In general, it simulates the Mach number and is mainly

used for high—speed vehicles and ramjet/scramjet test.
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Fig. 9. Capabilities of aerothermal facility (modifed from (Shams et al., 2020))
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2.4. Characteristics of HWT Diffuser

HWT exhibits several characteristics compared to normal
supersonic wind tunnel (SWT). Table 2 summarizes the comparison
between HWT and SWT. All the features described here are what
makes a high efficiency diffuser even more important in HWT.

First, the HW'T must transport the flow at high speed, so a severe
total pressure loss occurs in this process. Therefore, a high pressure
ratio corresponding to this pressure loss is required.

Next, HWT is characterized by a particularly long test time in the
case of an ablation test. Therefore, the cost burden required for
operation of HWT is far greater than that of SWT, where the efficient
diffuser becomes more important.

Finally, even in the case of a cold wind tunnel, HWT has much
higher temperature distribution than SWT. So, HWT is characterized
by a low Reynolds number due to their high temperature and
relatively small duct size. Fig. 10 shows the shock wave configuration
according to the Reynolds number. A low Reynolds number makes
the shock wave damped due to the high viscous effect, which causes
a greater entropy rise (pressure loss). This feature not only makes
flow analysis and performance prediction difficult, but also adversely
affects the burden of high pressure ratio required for wind tunnel

operation.

Table 2. Difference between general SWT and PWT

Test Duration Reynolds Number
Pressure Ratio _ PoVooD
[sec.] (Rep = u—)
SWT 10°~102 101~102 105~107
HWT 102~103 10°~102 102~10° (Present 2 X 10%)
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Damped shock config.

Fig. 10. Pressure contour difference according to Reynolds number (modified
from (Savino et al., 1999))
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2.5. Performance of Diffuser

2.5.1. Diffuser Operability

One of the important performance variables in this study was
operability. At the initial stage of driving HWT, the pressure ratio of
the wind tunnel increases and flow occurs inside the wind tunnel. As
the pressure ratio increases further, a shock wave is generated at
the nozzle throat. To start the wind tunnel, higher pressure ratio must
be required to push this initial shock wave up to the diffuser throat.
If a sufficient pressure ratio is not secured, or if the wind tunnel
design is incorrect, such as not passing the mass flow rate, the wind
tunnel will not start. Since HWT requires a high pressure ratio and
strong shock waves are generated inside, this operability becomes
more important issue (Agostinelli et al., 2019, 2020) and should be
closely monitored compare to SWT.

Fig. 11 shows the inoperable state and operational state of the
diffuser. First, inoperable state occurs when a shock wave is
generated in the test section or when the diffuser fails to pass all the
flow ejected from the nozzle. In this case, the back—pressure should
be lowered or the design of the diffuser should be adjusted. This
inoperable state is also called unstarting state, and the flow at the
nozzle exit becomes over—expanded because the test section
pressure is high.

In operable state, the diffuser can swallow the initial shock wave
and pass all the flow ejected from the nozzle. The high velocity flow
is decelerated creating gradual shock waves within the diffuser. This
state is also called the starting state, and the flow at the nozzle exit
1s under—expanded because the test section pressure is sufficiently
low. In this state, desired test environment can be created, and the

hypersonic test would be possible by mounting the test model.
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2.5.2. Diffuser Efficiency

Once HWT can be operable, it becomes highly important how
efficiently and economically wind tunnel testing can be performed. A
high pressure ratio is required to operate a wind tunnel, which
requires a gas generator and vacuum facilities with high performance
and capacity. If the diffuser is inefficient, the cost will increase
significantly because high—spec facilities will be required when
constructing a wind tunnel. Furthermore, high costs will be required
to maintain a high pressure ratio during wind tunnel operation. In
particular, since HWT requires a much higher pressure ratio than
SWT and requires higher—spec facilities, the diffuser efficiency
becomes much more important.

Having high diffuser efficiency implies achieving high pressure
recovery. In other words, it means that a diffuser can transport the
high—speed flow to the exit of the diffuser while minimizing the total
pressure loss, and the back—pressure at the diffuser exit can be
increased to a high level as much as the total pressure loss is
minimized.

In this regard, the diffuser efficiency can be evaluated based on
the operable maximum back—pressure for each diffuser shape. The
diffuser efficiency can be calculated using Eqg. (1) (Savino et al.,
1999), where pge, Pon, and p, denote the total pressure at the
diffuser exit, total pressure at the nozzle exit, and backpressure of
the diffuser, respectively. pg./po1 represents the ratio of total
pressure before and after the normal shock wave at the reference
Mach number.

In this study, the nozzle exit Mach number of 7 was selected as
the reference Mach number based on the same criteria reported in
previous studies (Agostinelli et al., 2019; Brune et al., 2019; Savino
et al., 1999).

Dif fuser pressure ratio Poe/Pon Db

(M

~ Normal shock pressure ratio  Pgy/Por - Po2
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CHAPTER 3

METHODOLOGY

3.1. Overview

In this chapter, theoretical backgrounds used in the study are
described in detail. In 3.2 Flow Analysis section deals with the
theory of computational fluid analysis performed throughout the
study. The modeling methods of internal fluid of HWT and numerical
methods are described. In 3.5. Surrogate Model, various techniques
used when developing the surrogate model based framework are
described in detail. It deals with the DoE (Design of Experiments)
based effective simulation points sampling technique, kriging model
used as a surrogate model, and the reliability evaluation of the
constructed surrogate model. In 5.4. Sensitivity Analysis, the concept
and types of sensitivity analysis were briefly introduced, and
sensitivity analysis based on linear regression theory and variance
decomposition was described. Practical elements related to how each
theory is implemented are not covered in this chapter, but can be

found in subsequent chapters.
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3.2. Flow Analysis

3.2.1. Governing Equations

The governing equations used in the study were the
axisymmetric compressible Reynolds Averaged Navier—Stokes

(RANS) equations, as follows:
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The stress tensor and heat transfer rate are expressed as

follows:
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The second viscosity coefficient 4 was determined based on

Stokes’ hypothesis.

3.2.2. Modeling of Thermal and Chemical Equilibrium

In the case of frozen air, where the air temperature is distributed
below 600 K, the following calorically perfect gas equation shown in
Eq. (14) becomes the equation of state with a constant specific heat
ratio y, and the viscosity coefficient is typically calculated based on
Sutherland’s law, as shown in Eqgs. (15)—(16) (Sutherland, 1893):

1
p=plec—50 +vD| @ =1 =petr - 1 (14)
3
1% T ZTref +S 5 1
- e = 1.716 x 105 kg/m - (15)
Hres (Tref> s He gim:s
Tyer = 273.15K, S =1104K (16)

When the air temperature reaches 600 K or higher, a vibrational

excitation of air molecules occurs; meanwhile, when the temperature
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reaches 2,000 K or higher, a chemical reaction occurs in the air (J.
D. Anderson, 2006). In this high—temperature region, the state
equation of a calorically perfect gas is no longer valid. In other words,
the specific heat ratio y is no longer constant, and it is a function of

the two flow variables, as follows:

7=70T)=7p,p) =7®T) (17)

In the present study, the flow temperature was distributed up to
2,500 K. It was essential for considering the vibrational energy and
chemical reaction to achieve an accurate calculation. Hence, the air
was modeled as a chemically reacting gas, where it was assumed to
be in a state of thermal and chemical equilibrium.

To model the equilibrium state of gas, the thermodynamic
properties (e.g., pressure, temperature, and enthalpy) and transport
properties (e.g., viscosity and thermal conductivity) should be
calculated appropriately. In general, to calculate the equilibrium
properties above regardless of the gas type, calculations are to be
performed based on statistical thermodynamics. However, in the case
of air, it is convenient to use the established equilibrium state data.
In this study, the equilibrium properties were calculated using pre—
established polynomial—type fitting equations.

First, the thermodynamic properties were calculated using Eqgs.
(18)-(20). Pressure p is expressed as a function of density and
internal energy, whereas temperature T is expressed as a function
of pressure and density. Enthalpy h is expressed as a function of

pressure and density (Srinivasan et al., 1181).

p=rp(ep) =pe—1) (18)
T=T(,p) (19)

_ _P(_7_
h=h.0) =5 (=55) 0)
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Subsquently, the transport properties can be calculated via a
similar procedure using previously established data (Gupta et al.,
1991). The equilibrium transport properties were calculated using
the polynomial correlation formulas shown in Eqgs. (21)-(23). Each
coefficient of the polynomials is tabulated based on the pressure and

temperature range, as follows:

u=A,+Bx+Cx*+D,x* +Ex* + Ex° (21)
k = explAgx* + Bgx® + Cxx* + Dy x + Ex | (22)
Pr = Apy + Bprx + CPr)(Z + DPrX3 + Eppx* + FPr)(5 (23)

3.2.3. Modeling of Turbulence

For turbulence modeling, the standard k — ¢ turbulence model

(Jones & Launder, 1972) was used, and the relevant equations are

as follows:
d 5.5
(5 )+v (pkV) =V [(u1+ )Vk] pe + 2uE-E (24)
% + V- (peV)
g2 (29

=V- [(,ul+ >V€]+C1 ZMtE E - Czp
O¢ k k

2

k
e = G2 (26)

where the typical values for the turbulent constants were used, i.e.,
o, = 1.00, o, = 130, C; = 1.44, C; =192, and C, = 0.09. This model is
suitable for a wall—bounded flow with a low Reynolds number, as in
a hypersonic wind tunnel (R.S Pugazenthi & Andy C. McIntosh, 2011).

27 AEZTHErT



3.2.4. Numerical Schemes

The governing equations were discretized using a finite volume
method. The convective flux and diffusion terms were discretized
using the AUSMPW+ scheme (K. H. Kim et al., 2001) and a central
difference scheme, respectively. A total variation diminishing (TVD)
scheme with a minmod limiter was used to achieve high—order spatial
accuracy (Sweby, 1984). Furthermore, pseudo—time integration was
performed to achieve convergence using the lower—upper symmetric
Gauss-Seidel scheme (Yoon & Jameson, 1988). The iterations were
performed until the mass flow imbalance between the inlet and exit

of the diffuser was less than 1%.
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3.3. Surrogate Model

3.3.1. Surrogate Modeling

Surrogate modeling (Meta modeling) technique can be
considered a series of mathematical and statistical techniques that
substitute a real model using the results obtained from physical or
numerical experiments. In general, the real model is impossible to
observe for all regions of interest, and it requires high cost and time
to derive observation values, whereas the surrogate model
economically and immediately predicts the value of the real model at
the expense of some accuracy.

Initially, it was used only to make empirical relations from
observations through physical experiments. However, it has become
widely used in real model prediction, design space exploration,
sensitivity analysis, and design optimization. As a related technique,
a polynomial form such as RSM (Response Surface Method) or a form
using a statistical method such as the kriging method exist.

To build a surrogate model, observations that are appropriately
distributed in the region of interest are required, and the observations
are usually calculated through experiments or numerical simulations.
DoE (Design of Experiments) can be utilized to effectively determine
experimental or numerical simulation points (samples). A surrogate
model is created through the observations at well—selected analysis
points, and it is important to select an appropriate surrogate model
considering the characteristics of the problem. The reliability and
efficiency of the surrogate model is highly important and must be
carefully evaluated, since the prediction of real model, design space

exploration, and sensitivity analysis may use the surrogate model.
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3.3.2. Design of Experiments

The predictive capability and efficiency of a surrogate model is
highly influenced by the distribution of sampling points (Madsen et
al., 2000). Sample points should be distributed throughout the design

space, and the number of samples should be appropriately determined.

A larger number of samples would be better for predictive capability.
However, in practice, number of samples may be limited owing to the
experimental and computational expense. Therefore, a proper
strategy for sampling, such as Design of Experiments (DoE) is
necessary.

DoE is a rational approach to which sampling points in the design
space should be explored. DoE can be divided into a factorial—based
traditional method and the modern probabilistic method. The classical
DoE methods were originally developed for real experiments. These
methods mainly focus on elimination of random variations, regular
distribution, and the boundary of the design space with overlooking
the local features of the design space to some extent. The modern
DoE methods usually focus on spreading the samples throughout the
design space for computer simulation. The samples extracted
randomly and it is efficient to explore unknown and complicate design
space. In modern DoE, Monte Carlo (Hastings, 1970), LHS (Latin
Hypercube Sampling) (McKay et al., 2000), etc. exist.

LHS is a stratified sampling technique in which the range of each
design variable is divided into n (number of samples) parts with
equal probability. And, n samples are randomly distributed into the
divided parts without reduplication in any design variable. It can
guarantee the same accuracy with fewer samples compared to the
Monte Carlo method, and widely used for generation of surrogate
model (Stein, 1987).
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3.3.3. Kriging Model

The present study adopted the kriging model as a surrogate
model. The kriging model was firstly developed in geostatistics
(Krige, 1951), and has been widely used in various field including
fluid mechanics (Ku & Jeong, 2018; Lu et al.,, 2018; Model &
Calibration, 2021; Raul & Leifsson, 2021). The kriging model is
known for being quite accurate and efficient in dealing with nonlinear

and high—dimensional problems (Lu et al., 2018).

- R (y-)
n

j 2

y(x) = pulx) + e(x) 6% = . Ry =expl—d(x,x)), d(xi,x/) = $IL, 6, |x — x;,

1"R 1y

AX) = imizel Ln(i 6 nooa 1
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Fig. 12. Concept of krigng model

Kriging model approximates an unknown objective function at
unsampled location, y(x) by combination of a global trend model,

u(x) and a local deviation from the global trend, &(x) as follows:

y(x) = p(x) + e(x) 27

The global trend model, u(x) could be constant value or
response surface model depending on the type of kriging model. In
the study, ordinary kriging was used and u(x) was estimated value

as follows:



The local deviation, &(x) is defined as a Normalized Gaussian
distribution with zero mean and the standard deviation of o as Eq.
(29). This local deviation term calibrates the local deviation from the
global trend model, and can represent multiple local extrema, which
makes the kriging model suitable to a complicated and non—linear

design space.

, O-D'R'y-p

62 = (29)
n

y = [yGh),y&?), .., y(x™)] (30)

= [ah), a?), ..., a(x™)] (31

R represents spatial correlation between samples. In the case of
n sample points, R is the nxn matrix whose (i,j) element is as

follows:
R;; = Corr[e(x'), e(x))] (32)

The elements of the covariance matrix consist of the correlation

function as follows:
Corr[e(x'), e(x/)] = exp [-d(x', x7)] (33)

The Gaussian distance function, d is as Eq. (34), and it has been

commonly used in many applications. For each parameter, the

. 2 2
coefficient, 6, and the square of the distance, [xf—x]| are
multiplied. The smaller the distance between samples, the larger the

correlation coefficient.

m
d(xi, x)) = Z Oc|xi — xl|° (34)
k=1
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As a result, the ordinary kriging prediction is as follows:
§(x) = p(x) + "R (y - ) (35)

r 1s consist of the spatial correlation between unknown point and

sample point as follows:
1;(x) = Corr[e(x), e(x})] (36)

To calculate kriging prediction of Eq. (35), the kriging
coefficients, 8 should be calculated to maximize the following

likelihood function as Eq. (37) given the constraints @ > 0.
n 1
Ln(i,6,0) = —Eln(ﬁz) - Eln(lRl) (37)

Maximizing the likelthood function i1s an m—dimensional
unconstrained nonlinear optimization problem. The present study
used genetic algorithm (GA) (Golberg, 1989), one of global

optimization methods, to solve this optimization problem.

3.3.4. Assessment of Surrogate Model

The surrogate model was evaluated to satisfy two aspects of
criteria. First, for the accuracy of the surrogate model, the difference
between the prediction value of surrogate model and the actual
observation value was confirmed using Leave—One—QOut Cross
Validation (LOOCV). LOOCV remain single observation as a
validation test sample point, and the other observations are used as
training sample points. A surrogate model is created using these
training points, and the discrepancy between surrogate model
prediction and remaining test sample point is calculated. This process
i1s repeated so that all other observations become the test point.

Based on these differences, the accuracy or error of the
33 2 T
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surrogate model can be evaluated. Table 3 lists various commonly
used matrices related to accuracy of surrogate model. In this study,
RRMSE was used to evaluate the overall accuracy of the surrogate

model, and RMAE was used for local evaluation.

Table 3. Various reliability assessment metrics of surrogate model

M,i,zsrl;l:tng Metric Representation
Mean Squared Error T Az
(RSE) Zizl(y y)/n
Normalized Root Mean N
Squared Error \/Z?ﬂ(yl —y)/n
(NRMSE) Ymax — Ymin
Relative Root Mean n i~
Squared Error \/Zhl(yl —y)*/n
Global -
(RRMSE) VLG -9/ (- 1)
Relative Average n i o1)2
Absolute Error = lzl(_y _y ) /n
(RAAE) \/Zi=1(yl —-y?/(n—-1)
Determination n (= J1)2
coefficient - y —Y 5
(RZ) Zi:1(yl - Y)
Mean Absolute Error A
(MAE) Zi=1|y y'l/n
Local Relative Maximum lyi - 7|
Absolute Error max [ ——
VIO -2/ (n-1)

(RMAE)

As the second aspect of criteria, the convergence of the
surrogate model according to the number of training points should be
closely observed. This convergence evaluation is important, because
(1) the convergence is a necessary for the accuracy and reliability
of the surrogate model, and (2) the number of required training points
can be determined based on convergence, not an arbitrary large
number, to prevent wasting analysis resources and time. Specifically,
the study confirmed the convergence of the accuracy metric value of
the surrogate model presented above, and the convergence of the

configuration of surrogate model was also confirmed by visualizing

b i 211
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the surrogate model as a surface. Additionally, the convergence of
the sensitivity index of each design variable calculated from derived

surrogate model was confirmed.
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3.4. Sensitivity Analysis

3.4.1. Global Sensitivity Analysis

Sensitivity analysis is the study of how uncertainty in the output

of a model (numerical or otherwise) can be apportioned to different

sources of uncertainty in the model input factors (Saltelli et al., 2010).

Sensitivity analysis can be divided into Local Sensitivity Analysis
(LSA) and Global Sensitivity Analysis (GSA). LSA is a method of
searching around a point of interest, and it is a method of observing
output variables while changing only some of the entire design
variables. Analysis mainly focuses on the slope at the point, and a
parametric study can be said to be a type of LSA. On the other hand,
GSA is interested in the entire input space, not a specific point, and
observes changes in output variables according to changes in all input
variables. GSA includes regression method, screening method, and
variance decomposition based method.

SA is widely used in the engineering design. A design variable as
an input variable and an objective function value as an output variable
are generally used. Through sensitivity analysis, it is possible to
identify which design variable is influential, and according to the
influence on the objective function, it ranks the importance of the
design variable and quantitatively evaluates the sensitivity.
Conversely, it is possible to identify which variables are marginal,
which are just as important as identifying influencing factors. The
current design problem has a relatively large number of design
variables, which increases the complexity of the model. This is the
curse of dimensionality, and if too many variables are considered, the
cost of the design increases, and accuracy problems such as over—
parameterization may occur (van Griensven et al., 2006). Therefore,
it would be essential to simplify the model by fixing the marginal
factors based on SA.

The Table. 3 shows a comparison of characteristics for
representative GSA methods mainly used in design. The linear

regression method is a method that can be performed under the
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assumption that the design variable (input variable) and the objective
function value (output variable) are linear. Simple implementation is
possible, calculation is fast, and sensitivity can be estimated by the
slope of the derived linear regression function. However, it has the
disadvantage that it is not suitable for dealing with interactions or
nonlinearity between variables.

The screening method can derive the sensitivity rank of many
design variables, and there is a typical Morris screening method. It
can be applied to models with interactions or nonlinearity, and has
the advantage that the computation cost is lower than the variance—
based SA method. However, there is a disadvantage that the
sensitivity cannot be quantified.

Variance based GSA calculates the sensitivity by decomposing
the variance of the model. The Sobol method (I.M. Sobol, 2001) is
widely used as a variance based GSA. Variance based GSA can be
applied to complex and nonlinear models, and it can evaluate
interaction effects between variables as well as effect of one variable.
Quantitative evaluation is possible by calculating sensitivity indices.
However, in order to calculate the sensitivity indices, it is necessary
to perform numerous calculations on many sample points. In order to
compensate for this disadvantage, various efficient sampling methods
have been proposed, but the computational cost is still high compared
to other methods. As can be seen from the Table. 4, as the number
of input variables increases, the required calculation cost increases
proportionally.

Surrogate model based GSA first constructs a surrogate model
that can replace the actual model. Since the surrogate model can
predict the output value at many sample points almost immediately,
once the surrogate model is constructed, various sensitivity methods
can be used very efficiently. Because of these advantages, many
studies have been conducted using surrogate model, recently (Song
et al.,, 2015). For classification, the method that does not use the
surrogate model and obtains it through direct calculation is called the
sampling based Sobol method, and the method that uses the predicted

value of the surrogate model is sometimes called the surrogate model
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based Sobol method.

In this study, surrogate model based GSA was used. Through this,
it was possible to efficiently derive quantitative analysis and high—
reliability sensitivity results even in complex models with acceptable
cost. A surrogate model with high reliability was derived, and Sobol'
sensitivity indices were calculated based on the immediate prediction

value of this surrogate model.

Table 4. Comparison of various GSA techniques

Linear . Variance Surrogate
. Screening model
regression base
base
Quasi-
Samolin Morris one- random Monte Carlo,
strafe g Monte Carlo at-a-time sampling, LHS, Sobol’
&y sampling LHS, FAST sequence
sampling
Computational n(m + 2)
cost n r(n+1) ~n(2m + 2) "
Characteristics o Qualitative - o
of Sensitivity Quantitative Screening Quantitative  Quantitative
Reliability High ~R? High High (~R?)
Coping with
interaction X 0 0 0
effect
Coping with X 0 0 0
nonlinearity

3.4.2. Linear Regression Theory

Linear regression is a useful theory (Montgomery et al., 2021)
that can be applied simply under the assumption of linearity, where
the distribution of dependent variable with respect to independent
variable is linear.

In this study, some matrices based on the simple regression
theory were used. First, in the SA, the correlation coefficient
between each design variable and objective variable was calculated

to check the directions of variation of objective variables with
§
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variation of design variables. The linearity between a design variable
and an objective variable was confirmed based on the coefficient of
determination (R?). Next, when evaluating the reliability of a
surrogate model through the LOOCV, the degree of agreement
between the predicted value of the surrogate model and the actual
analysis value (goodness—of—fit) was confirmed through the
coefficient of determination.

As will be discussed in detail later, the simple regression method
used in this study is used for the purpose of quickly confirming the
design space characteristics limitedly. Quantitative analysis in the
presence of nonlinearity and multivariate will be dealt with in the next
Section, 3.4.53. variance based SA — Sobol” indices.

First, one tries to identify the characteristics of the population
(real performance) through samples (sampled performance). The

average of the samples is as follows:

n

D (%)

i=1

S|re

}_/:

Variance is a measure of how spread out the samples are from
the mean. However, the sample variance is mainly used because the
population variance cannot be obtained until a fully investigations.
The standard deviation is the square root of the variance, and there
are also a population standard deviation and a sample standard
deviation. Population variance, sample variance, population standard
deviation, and sample standard deviation are sequentially expressed

as follows:

1 n
0? == (i — )? (39)
i=1
1 - B
V=5t =— 1;@1- — 5)? (40)
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1 n
o= 2> i - w? (1)
i=1
1 n
s= =g ) 09 42)
=1

The following is a theory on the correlation between independent
and dependent variables. Again, although this method is useful for
quickly identifying key characteristics of a population, it only shows
the relationship between one independent variable and one dependent
variable, and it has a limitation in that it is a method based on a linear
assumption.

One of the indicators of correlation is covariance. Eq. (43) and
(44) represent the population covariance and the sample covariance,
respectively. As can be seen from the equation, if the direction of
change of the independent variable and the direction of change of the
dependent variable coincide with the mean, the term in sigma
becomes a positive value. Conversely, if the direction of change is
opposite, the term becomes a negative value. That is, if this
covariance is positive, it explains a positive correlation between the
two variables, and if it is negative, it explains a negative correlation.
However, it cannot be used to compare the relative magnitude of

correlation due to non—normalized characteristics.

Oy = Zi=1(xi - .lZC)(yl - .uy) (43)
., -l D0=7) )

n—1

The correlation coefficient was devised to compensate for the
limitation that covariance does not explain the magnitude of the
correlation. Since the correlation coefficient is obtained by

normalizing the covariance by the product of the standard deviation

40 ] 2-1



of each wvariable, the relative magnitude of correlation can be
compared using correlation coefficient. The population correlation
coefficient and the sample correlation coefficient are expressed as
Eq. (45) and (46), respectively. The correlation coefficient has a
value between —1 and 1, and when the coefficient value is —1 or 1,
it means that the two variables have a perfect linear relationship, and
when it is O, there is no linear correlation. However, since correlation

means linear correlation here, non—linearity cannot be captured.

_ 9xy
= o (45)
Sxy
R =
vy (46)

Normalization allows a measure of a correlation coefficient to be
used for relative comparison between two correlation coefficients,
but the absolute value of the correlation coefficient itself does not
explain anything.

Therefore, the coefficient of determination was devised, which
can indicate the magnitude of how linearly the independent variable
explains the dependent variable. In addition, it can be used to evaluate
the goodness—of—fit of the linear regression. The coefficient of
determination is expressed as the ratio of the variation explained by
the linear regression to the total variation as shown in Eq. (47). It is
possible to check how much influence the independent variable has
on the dependent variable. It can be interpreted that the closer to 1,

the greater the linear correlation.

2 _ Yie1(V — y)? _q1_ Yi=1(vi — )2 47
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3.4.3. Variance based SA — Sobol’ indices

A variance based global sensitivity analysis (or Sobol’s SA

method) (I.M. Sobol, 2001) is start from decomposition of a model
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into summands of increasing dimensionality as follow:

y = f(x) = f(xl;xz; ;xm) (48)

f(xlfo""rxm) =

m m (49)

fo + Zfl(xl) + szl](x“ x]) + -+ fllzln_’m(xl,xz, "',Xm)
i=1

i=1i<j

Eq. (49) is called ANOVA (Analysis of Variable) representation
(I.M. Sobol, 2001) given that input variables are independently and
evenly distributed in a unit hypercube, and all terms in this

decomposition are square integrable and orthogonal as follows:
1
f fil,iz,...,is(xil,xil,---,xil)dxl-w = 0, 1< il < iz < < iS <m (50)
0

The total number of summands in this decomposition is 2™. f,
represents global mean, and f; represents the main effect of each
input variables. Similarly, f;; represents the combined effect or
interaction effect of two input variables. The higher—dimensional
terms can be explained similarly, and finally f;,.., represents the
interaction effect of all input variables. Each term can be calculated

as follows:

fo=E®) (51)
fi=EWlx) — fo (52)
fii(xox) = E(ylxux) — fo— fi— f; (53)

The higher order interaction terms can be calculated recursively
with similar way.
From the square integrable characteristics previously assumed,

ANOVA decomposition can be squared and integrated over the whole
vl L. -
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domain to give as follows:

ffz(x)dx - fi = i i ffif..isdxil oy (54)

S=1 iq<<ig

The left hand side is equal to the total variance of a model, y =
f(x), and the right hand side consists of the sum of each variance
terms. So, rewriting the equation, we get the expression of the

variance decomposition as follows:

m m

i=1 i<j

Each term can be calculated as follows, and the higher order

interaction terms can be calculated recursively with similar way.
Vi= Varxi [Ex~i(}’|xi)] (56)
Vi = Vary, [Ex, (]x0%)| = Vi - (57)

Eq. (55) shows that total variance of a model can be decomposed
by the terms attributable to each input, and the interaction effects
between them, under the conditions for the model to be ANOVA
(Analysis of Variable) representation.

Sensitivity index can be calculated as follows by dividing the
variance term of each input and interaction by the total variance. This
allows us to quantify how much the variance of each factor affects

the variance of the overall model.

Vi _ Varg[Ex ,(ylx)]

Si= v Var(y) (58)
5. = & _ Varxl.j [Ex~ij(y|xi’xj)] - ViV (59)
Y Var(y)
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In this way, higher order sensitivities can also be calculated. In

addition, the sensitivity index naturally holds the following relation.

isi+isij+---+512.“m =1 (60)
i=1

i<j

However, calculating all sensitivity indices in the above method
1s not efficient, especially when there are many input variables. This
is because, as mentioned above, since the total number of terms is
2™ the number of terms to be calculated increases exponentially as
the index order increases. First order sensitivity index requires the
calculation of m terms, second order sensitivity index requires the
calculation of m(m —1)/2 terms, and so on. Finally, 2™ —1 terms
should be calculated.

To overcome this inefficiency, the total sensitivity was devised.
This sensitivity evaluates all the influences including main effect of a
variables, and all the interaction effects. The calculation can be done

as follows:

B Varg(Yx)] | Varg[B,(lx)]

T ™ Var(y) - Var(y) (61)

In this way, interaction effects are naturally counted in duplicate,
and in general, the sum of total sensitivity indices may be greater
than 1. In the case of a purely additive model, the sum of total indices
will be 1.

Z Sri>1 (62)

The method of calculating the sensitivity indices depend on the
characteristics of a model. First, if an analytical representation is
known, it can be calculated through integration algebraically as

follows:
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fo= [ fedx 63)

fie) = [ 1) lk_[ dxi ~ fo (64)
filw) = [ £60 k}_[ dx, — fo — fiGx) = () 65)
#i,J
V= f £2(2) kl_[ dx,, — f2 (66)
#1,j
V=V - % J [F() = fCx %) 2dxdx (67)
Ve =5 [ = fxtux DPdxd (68)

However, there are not many cases where an accurate functional
representation of the model is obtained. In this case, it can be

estimated via random sampling based method as follows:

1 n
fom =) F@) (69)
k=1
1
fiGe) =2 f@) ~ fo (10)
k+i
1
fiGa) == " foa) = fo—fi~ f; 1)
k#1i,j
1 n
V= fr) - ff (72)
k=1
1 n
VeV - ﬁkzl[f(xk) — f G XL (73)
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1 n
Ve~ 5= ) [F@0) = F & X (74)
k=1

The above equations are general forms, and there are various
estimation methods for calculating these values. In order to
efficiently derive the sensitivity indices in an accurate and converged
form even with a small number of samples, various sampling
techniques and estimation methods have been proposed. In this study,
the sensitivity was calculated based on Sobol’ sampling (Sobol
sequence).

However, as shown in Table 4, the computational expense to
calculate these indices cannot be considered efficient. Computational
cost will increase drastically when the number of input variables
increases and trying to compute higher—order indices. Therefore,
recently, sensitivity analysis based on the surrogate model has been
actively studied, and in this study, the sensitivity was calculated

based on the predicted value of the surrogate model.
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CHAPTER 4

GENERAL ASPECTS OF HWT

4.1. Overview

Prior to deal with the design of HWT diffuser, this chapter
investigates the main aspects of HWT internal flow. Flow analysis
was performed for the nozzle and diffuser of HWT, and internal flow

characteristics were analyzed comprehensively.
The main points derived from this section are as follows.

(1) Prior to numerical analysis of a diffuser, the mass flow rate
weighted average total pressure was proposed as an important
observation variable. This observation variable was an important
finding, because this variable was able to show the superiority and
inferiority of the various diffuser shapes in efficiency.

(2) Through the grid convergence study, a grid that secured both
accuracy and efficiency was derived. This grid later served as a
reference when generating numerous calculation grids for various
diffuser shapes.

(3) The nozzle—diffuser system at various back—pressures was
analyzed, and axial variation of Mach number, static pressure, and
total pressure were investigated.

(4) By decreasing and increasing the back—pressure step by
step, the non—operational state before starting, operational state, and

-
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the non—operational state after test was simulated. This is a typical
starting process of a wind tunnel, and the hysteresis phenomenon
occurred during this process was analyzed.

(5) For efficient calculation, subsequent flow analyzes in the
design stage were performed by initializing with the state after the

starting of the diffuser, excluding the nozzle.
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4.2. Innovative Observation Variables Proposed

To derive a diffuser shape with high pressure recovery
performance, the total pressure loss must be reduced across the
entire diffuser. To identifying the variation of total pressure, the
mass flow rate weighted average of the total pressure was proposed.
Eq. (75) represents the mass flow rate weighted average of the total
pressure, where p,u,AP,m denote the density, axial velocity,

cross—sectional area, total pressure, and mass flow, respectively.

1 1
Ptavg = W-f PipudA = E_f P.pudA (75)

The weighting was determined considering the essential
characteristic that the diffuser flow is internal flow and the mass flow
must be preserved across a duct. The average total pressure
indicated the overall trend of the total pressure along the axial
direction clearly and proved useful in the design stage.

Conversely, the non—averaged total pressure or the local flow
variables exhibited local extrema and complicated variations.
Therefore, the present study mainly used the average total pressure
to find the point at which the total pressure loss was severe or
negligible and the method to reduce the total pressure loss. Other
averaged values, such as the average static pressure and average

Mach number, were calculated with the same weightage as Eq. (76).

1 1
Pavg = Wf dpudA = gf dpudd, & =P,P,T, M- (76)

To explain the usefulness of this weighted average in more detail,
in HWT, the flow ejected from the nozzle passes through the test
section and model, and flows into the diffuser. A series of oblique
shock waves are generated in the diffuser converging section and
throat, and finally, a normal shock wave is generated and the flow

becomes subsonic. The flow then exits the diffuser. Through this
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process, the initially low static pressure will be recovered to a high

level.

Y

PO _1 m
o _ (14 Mz) (77)
P ( 2

Eq. (77) is an expression for the relationship between total
pressure, static pressure, and Mach number in compressible flow.
When the Mach number becomes O, the static pressure equals the
total pressure. Therefore, the total pressure of flow can be thought
as the maximum pressure that the flow can reach at that moment.
Therefore, it is important to preserve the total pressure as high as
possible up to the diffuser exit for higher back—pressure. Therefore,
in the HWT diffuser design, it is essential to mainly observe the total
pressure.

Nevertheless, in most previous studies related to HWT diffuser,
(1) internal flow pressure distribution and contour (Fig. 13), and (2)
static pressure at the diffuser wall and Mach number along the axis
(Figs. 14, 15) were mainly observed. In Fig. 14, Config A is a shape
with low diffuser efficiency, and Config B is a shape with high diffuser
efficiency. (Table. 5) The maximum back—pressure of Config A is
3,200 Pa, and the maximum back—pressure of Config B is 7,400 Pa.
Although the efficiency difference is more than twice, it is difficult to
capture why Config B attained high efficiency and where inefficiency
occurred in Config A through the two graphs in Figs. 14, 15.

On the other hand, Fig. 16 shows the mass flow rate weighted
average of the total pressure. This variable is not only intrinsic, but
the wvariation i1s always in a decreasing trend, and since it 1is
monotonous compared to the traditional observation variables, it was
easler to interpret. In this graph, it was easy to capture the difference
in total pressure loss between the two shapes, where the difference
occurred at x=1.5 m in the axial direction. This mass flow weighted
average variable enabled an explanatory analysis of the diffuser
efficiency and allowed the focus of performance improvement works

around this position.
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Table 5 Diffuser shape parameters and pressure recovery of low and high

efficient configurations

(Detailed descriptions for each shape parameter is given in Chapter 5)

Parameters \ Configuration A B
Dy [m] 0.396 0.396
Test section Lsep [m] 0.871 1.0
Blockage [%] 40 40
D; [m] 1.3 1.2
Conve.r ging Les [m] None 0.7
section
a [deg.] 5 6
D¢y [m] 0.873 0.730
Throat L/D¢, 15.0 11.0
A /A 700 489
Diverging B [deg.] 3 10
section D, [m] 1.0 2.0
Operability 0O 0O
Pbmax [Pa] 3,200 7,200
irf ji‘;f; 1 [%] 9.5 21.4
Dif ference [%] 125
i I
Static Pressure 0 1000 2000 3000 4000
jCoﬂﬁgilratjionéA T U
: /\ \ Pb = 3,200Pa

.
Configuration B

g -o0r
10 15

0
x [m]

Fig. 13. Pressure distributions of configuration A (inefficient diffuser) and B
(efficient diffuser)
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Fig. 14. Diffuser wall pressure distribution of configuration A (inefficient

Mach Number (Axial)
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diffuser) and B (efficient diffuser)

Config A/ Pb 3200 - Mach Number (Axial)
Config B/ Pb 3200 - Mach Number {Axial)
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Fig. 15. Centerline Mach number distribution of configuration A (inefficient

diffuser) and B (efficient diffuser)
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Fig. 16. Average total pressure and average static pressure along the axial
direction of configuration A (inefficient diffuser) and B (efficient diffuser)
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4.3. Computational Domain and Boundary Conditions

In this chapter, a flow analysis of the nozzle, test section, and
diffuser of the hypersonic wind tunnel was conducted to investigate
general characteristics of HWT. The length from the nozzle inlet to
the exit of the diffuser was approximately 20 m, and the maximum
diameter of the diffuser cross—section was 2 m. Fig. 17 illustrates
the calculation domain and applied boundary conditions. The domain
of the test section was set to include the outermost streamline of the
ejected flow from the nozzle, wherein the flow was not affected by
the test section domain despite the under—expanded condition.

The inflow conditions were determined based on the reservoir
conditions of the 13 MW arc—heated scramjet test facility (AHSTF)
at the NASA Langley Research Center (Witte et al., 2004). Among
various reservoir conditions in the literature, the reservoir condition
of Mach 7 based on flight enthalpy were used. It was assumed that
the total pressure and total temperature of the reservoir were the
same as those of the nozzle inlet; meanwhile, the total pressure, total
temperature, and mass flow rate were calculated under this
assumption and assigned as inflow conditions, as listed in Table 6.

Considering the cooling system of the hypersonic wind tunnel, a
temperature wall boundary condition of 300 K was applied to the test
section and diffuser wall. The back—pressure condition was applied
to the diffuser exit on the far right of the domain. By controlling it,

the pressure ratio of the wind tunnel was controlled.
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(a) Entire computation domain

Axisgrrliurlﬁegrry B.C.

(b) Nozzle and test section

(c) Diffuser inlet

Inflow B.C.

:;:_;ul!i“!!!i!ﬁﬂﬂ!u%%é

(d) Diffuser throat

(e) Diffuser exit

— Back-pressure

B.C.

Fig. 17. Configuration of computation domain and boundary conditions

applied

Table 6. Flow properties at nozzle inlet and exit

; P 28.6 bar
Nozzle inlet 0
(Inflow B.C.) To 2216 K
m 2.04 kgls
Nozzle exit M 70
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4.4. Grid Convergence Study

Several grid levels were considered to determine the appropriate
grid level. Through preliminary analysis, regions with large gradients
of flow variables were identified, and the grid was densely distributed
in these regions. The resulting grid was a coarse grid. Subsequently,
a uniform refinement of the grid twice in each direction was repeated
to obtain medium, fine, and very fine grids. The node dimensions of
each grid are presented in Table 7.

By performing a flow analysis based on each grid, the shock wave
structure, Mach number, and pressure were confirmed. As shown in
Fig. 18, the shock wave structure was damped when a coarse grid
was used; however, the difference in the shock wave structure was
not significant when a fine grid or higher was used. Figs. 19, 20
shows the axial static pressure and Mach number for various grid
levels, respectively. When the coarse grid was used, the distribution
differed significantly; however, when a fine grid or higher was used,
no significant difference was observed. Therefore, in this study, the
fine grid level was selected considering the grid independence and
computational efficiency. At this level, the y+ of the first mesh based
on the diffuser throat diameter was distributed at less than one.
Computational grids in the subsequent design study were created

based on the fine grid.

Table 7. Node dimensions of each grid level

Grid level Node dimension
Coarse 378 x 23
Medium 756 X 46
Fine (selected) 1511 x 91
Very fine 3021 x 181
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Coarse: 378 X 23
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Medium: 756 X 46
\\\—‘.“x oy

Fine: 1511 X 91

Fig. 18. Shock wave configurations at front section of domain with various
grid levels
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Fig. 19. Average static pressure distributions for various grid levels

Mach Number
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Fig. 20. Average Mach number distributions for various grid levels
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4.5. Flow Characteristics of HWT

4.5.1. Flow Variation along HWT

The internal flow of HWT was analyzed under operational state.
Fig. 21 shows the flow characteristics in the nozzle, test section, and
diffuser at operational state with a back—pressure of 5,000 Pa. The
contour at the bottom of the figure shows the distributions of the
static pressure and Mach number. The flow expanded through the
nozzle, and a Mach number of 10 or higher was distributed in the test
section. Subsequently, a series of oblique shock waves (shock—train)
was generated in the diffuser; finally, the flow became subsonic as it
passed through a terminal shock wave.

The red, blue, and black lines in Fig. 21 indicates the trends of
the static pressure, Mach number, and total pressure, respectively.
As shown by the contour, the flow expanded through the nozzle and
test section, and then compressed through the diffuser. It is
noteworthy that the initially high wvalue of the total pressure
diminished rapidly as the flow passed through the HWT. Especially,
a significant total pressure loss occurred owing to the first oblique
shock wave generated at the inlet of the diffuser, and a rapid loss in
the total pressure occurred in the terminal shock wave generated at
the end of the shock—train. Subsequently, the back—pressure and
total pressure became almost identical at the diffuser exit. The total
pressure was additionally diminished in the nozzle and test sections
owing to the boundary and shear layers. Meanwhile, the degree of
total pressure loss was marginal in the subsonic region in the latter

section of the diffuser.
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Fig. 21. Flow distributions and trends of pressure, Mach number, and total
pressure

4.5.2. Starting Characteristics with Different Back—pressure

As the pressure ratio of the wind tunnel increases, in other
words, as the back—pressure decreases in a fixed reservoir
condition, flow occurs inside the wind tunnel. As the pressure ratio
increases further, a shock wave is generated at the nozzle throat and
choking occurs at the nozzle throat. To start the wind tunnel, higher
pressure ratio must be required to push this initial shock wave past
the test section and up to the diffuser throat. This is because the
cross—sectional area of the duct will become larger at test section
and diffuser compare to the nozzle, rendering internal flow expands
to higher Mach number, and the shock waves at higher Mach numbers
will generate higher losses. The pressure ratio must be provided to
compensate this loss for wind tunnel starting.

To analyze the starting characteristics, a flow analysis was
performed while changing the back—pressure step by step. Because
the characteristic time of the back—pressure change is several
orders of magnitude larger than the characteristic flow time, the
time—dependent starting procedures can be investigated based on a
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number of steady calculations (Savino et al., 1999). First, the
calculation converged at a high back—pressure and then converged in
stages as the back—pressure reduced until the wind tunnel started.
Hence, the starting back—pressure can be determined. After the wind
tunnel started, the back—pressure was increased gradually to obtain
the maximum operable back—pressure.

Fig. 22 shows the pressure distribution inside the HWT for
various back—pressures. Figs. 22 (a)-(d) show the results of
sequential convergence while the back—pressure was decreasing; it
was observed that the wind tunnel started when the back—pressure
was 4,000 Pa. Subsequently, the results of sequential convergence
while the back—pressure was increasing after the wind tunnel was
started are presented in (e) and (f).

When the back—pressure was 10,000 Pa, a shock wave was
located inside the nozzle, and as the back—pressure decreased
gradually, the initial shock wave was pushed downstream. When the
back—pressure was 5,000 Pa, a shock wave was generated in the test
section, and the flow at the nozzle exit was not sufficiently under—
expanded. Subsequently, when the back pressure reached 4,000 Pa,
the shock wave was swallowed into the diffuser throat; at this time,
the nozzle exit flow was completely under—expanded, and the test
section pressure was maintained at a low level (wind tunnel starting
state).

Once the shock wave was swallowed into the diffuser and the
wind tunnel started, the wind tunnel began to be maintained even
after the back—pressure was increased. As shown in Fig. 22. (), the
terminal shock wave was located inside the diffuser throat even when
the back—pressure was increased to 5,600 Pa. As such, a history—
dependent phenomenon appeared before and after wind tunnel
starting, which is known as “hysteresis”. As shown in Figs. 22 (c¢)

and (e), different results were obtained at the same back—pressure.
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Fig. 22. Pressure dlstrlbutlon at different back-pressures

4.5.3. Hysteresis in Starting Process

Fig. 23 shows the test—section pressure history with respect to
the various back—pressures. The result obtained while decreasing
the back pressure is represented by a red line with symbols, and the
result obtained by increasing the back pressure is represented by a
green line with symbols. Each state in Fig. 23 is marked with a label.
As shown in Fig. 23, when the back—pressure was reduced before
starting, the wind tunnel started when the back—pressure was at
least 4,200 Pa. After starting, it was confirmed that the starting of
the wind tunnel remained even when the back—pressure was
increased to 5,600 Pa. Fig. 24 clearly shows the different flow
distributions before and after starting at the same back—pressure of
5,000 Pa.

As such, hysteresis occurred before and after the start of HWT.
It was assumed that this occurred because when the initial shock
wave was swallowed into the diffuser and a series of shock waves
was generated, rendering a lower total pressure loss. As the total
pressure loss reduced, the wind tunnel was able to maintain the
starting state even when the back—pressure was increased. By
contrast, before the wind tunnel started, a strong shock wave was

generated in the test section, resulting in a relatively severe total
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pressure loss and requiring a lower back—pressure to start the wind

tunnel.

2000

=
(2]
[=]
o

1000
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Static Pressure at T.S. [Pa]

R
7000

500 4000 5000 6000
Back Pressure [Pa]

Fig. 23. Static pressure at test section (x = 0.5 m) based on different back-
pressures applied
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Fig. 24. Different pressure and Mach number distribution at back-pressure of
5,000 Pa
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CHAPTER 5

PARAMETERIZATION AND
DESIGN OBJECTIVES

5.1. Overview

In this chapter, parameterization was performed to define the
shape of the HWT diffuser, and the design objectives and constraints
of the diffuser design were described. The baseline diffuser shape
was determined as a benchmark for performance comparison to the
parametric study based diffuser design shape and the surrogate
model based diffuser design shape. This baseline shape was derived
by the conventional design method, and the maximum operable back—

pressure was 4,000 Pa, rendering low efficiency.
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5.2. HWT Diffuser Shape Parameters

Parameterization was performed to define the shape of the
diffuser before designing the diffuser. Fig. 25 depicts the shape
parameters of the diffuser and Table 8 summarizes their descriptions.

In parametric study based design, the parameters to be
determined for designing the diffuser included the diffuser inlet
diameter (D;,), catch—cylinder length (L.), converging half—angle
(), ratio of diffuser throat axial length to the diameter (L/Dy,), ratio
of the diffuser throat area to the nozzle throat area (4;,/A4:), and
diffuser diverging half—angle (B). Diffuser inlet diameter and catch—
cylinder length were determined by researcher’s insight without
parametric study.

In surrogate model based design and sensitivity analysis,
additional parameters were considered. Shape parameters
considered were the separation length (Lsep), the diffuser inlet
diameter (Dj,), catch—cylinder length (Ls), Converging half—angle
(a), ratio of diffuser throat axial length to the diameter (L/D¢,), ratio
of the diffuser throat area to the nozzle throat area (A;;/Ay), the

diffuser diverging half—angle (B), and the diffuser inlet diameter (Dj,).

Ltalal
< >
A t1 | A t2
D L Y s | Y/ B N
yomo [ 7 B D,
— . — . — . — 1 ________________ — . e —

(N S N 2

— —*—n‘ ‘4 >

Lsep Lz‘s L
Nozzle Test Diffuser Diffuser Diffuser
section  Converging section throat Diverging section

Fig. 25. Shape parameters of the diffuser
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Table 8. Description of each design parameter
(PBD: Parametric study based design, SBD: Surrogate model based design)

Diffuser parts Parameters Description

D, (Fixed) Nozzle exit diameter

Nozzle—diffuser separation distance
Lsep - Fixed in PBD
- Variable in SBD

Test section

Test model frontal area to the nozzle exit area
Blockage

ratio
Diffuser inlet diameter
D; - Researcher’s decisive value in PBD
Diffuser - Variable in SBD
converging Catch-cylinder length
section Les - Researcher’s decisive value in PBD
- Variable in SBD
a Converging half-angle of catch-cone
D¢, Diffuser throat diameter
Diffuser throat L/D¢, Diffuser throat axial length—diameter ratio
Diffuser throat area to nozzle throat area ratio
Arz/An
(AR)
Diffuser diverging half-angle
Diffuser P — g
diverging Diffuser exit diameter
section D, - Fixed in PBD
- Variable in SBD
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5.3. Design Objectives and Constraints

Design objectives of the study was designing HWT diffuser

shapes satisfying below:

(1) Operable under hypersonic nozzle exit conditions with Mach
number 7

(2) Possible to test large blockage models (On—design point with
test model with blockage ratio of 40 %)

(3) Achieving the highest possible efficiency

Considering the manufacturing and experimental environments,

certain parameters were under the constraints:

(1) Nozzle configuration fixed with exit diameter (D,) of 0.468 m

(2) The exit diameter (D,) cannot exceed 4 m considering heat
exchanger located after the diffuser.

(3) The total length of the diffuser (Liya) cannot exceed 20 m.
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5.4. Baseline Configuration and its Performance

5.4.1. Baseline Configuration of Diffuser

A baseline shape was determined as a benchmark for comparing
diffuser performance throughout subsequent design studies. In
previous literature, each parameter was determined by arithmetic
mean of existing diffuser shapes or through empirical formulas and
rules of thumb. However, as previously mentioned, this method has
a high risk of deriving an inoperable diffuser shape.

Therefore, prior to determination of baseline configuration,
several design variables were adjusted to appropriate values. (1)
The diffuser inlet diameter was adjusted to 1.3 m so that all the
refracted flow from the blockage model could be sucked without using
the arithmetic mean of the values of the existing shapes. (2) If the
existing rules of thumb (normal shock method) is used to determine
diffuser throat area, the diffuser throat area must be determined to
an excessively low value. This is because it is usually used for a
general supersonic wind tunnel, not for HWT, and this method does
not consider the influence of a test model. Therefore, for the diffuser
throat area, the median value of the parameter range from design
space feasibility study, which will be dealt with in later chapter. (3)
The diameter of the diffuser exit was fixed to 1 m. The value derived
from the arithmetic mean of the existing shapes is 3.3m which result
in the diffuser length inefficiently long. As will be explained later,
since the diffuser exit diameter has little effect on the operability and
efficiency of a diffuser, it is judged that this adjustment has little
effect on the overall conclusion.

Table 9 presents the design parameters of baseline diffuser and
the resulting pressure recovery performance. The shape first
determined in the manner described above is the baseline A. Baseline
A was inoperable despite the pre—adjusted excessively inappropriate
values. Referring to Fig. 26, due to the excessively high converging
angle in the Baseline A, the flow refracted from the model generated

a strong shock wave with a high shock wave angle at the converging
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section of the diffuser. A strong adverse pressure gradient appeared
across this shock wave. Due to this adverse pressure gradient, flow
was not effectively sucked into the diffuser, the mass flow
accumulated and the test section pressure increased, rendering
inoperable test state.

Baseline B was derived by alleviating the excessively high
converging angle, which caused the problem of inoperability in
Baseline A. In Baseline B, the magnitude of the adverse pressure
gradient was also relieved due to the reduced converging angle, and
the flow was successfully sucked into the diffuser throat. Therefore,
the baseline shape of this study was determined as Baseline B, and
performance comparison was performed with various diffuser shapes

to follow based on this baseline configuration.

Table 9. Design parameters and pressure recovery performance of baseline

diffuser
Parameters \ Baseline A B
D, [m] 0.396 0.396
Test section Lsep [M] 0.855 0.855
Blockage [%] 40 40
. D; [m] 1.3 1.3
lefuser . Les [m] None None
converging section
a [deg.] 9 5
D¢y [m] 0.873 0.873
Diffuser throat L/D¢, 15 15
Ay /A 700 700
Diffuser B [deg.] 3 3
diverging section D, [m] 1.0 1.0
Pb,max [Pa] Inoperable 4,000
Pressure recovery
n [%] Inoperable 11.8
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Fig. 26. Pressure distribution of the test section and initial part of the diffuser
of baseline configuration A and B

5.4.2. Performance Analysis of Baseline Diffuser

The operable back—pressure range of the baseline configuration
was evaluated. This performance evaluation process is necessary to
determine the specifications of other parts, such as vacuum facilities
and heat exchangers. Fig. 27 illustrates the pressure distributions at
different back—pressure. Figs. 28 and 29 illustrate the average static
pressure and average Mach number along the axial direction with
different back—pressures, respectively. The terminal shock moved
forward with the increasing back—pressure, and the maximum
operable back—pressure was 4,000 Pa.

Although, the baseline diffuser was able to stably generate Mach
7 flow in the test section under various back—pressure conditions,
these shapes were derived by adjusting some design variables to
appropriate values by the researcher's know—how and insight. In
addition, the maximum back pressure of 4,000 Pa and the efficiency
of 11.8% are not satisfactory performance. Moreover, considering
other flow disturbances in an actual test environment, the actual
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operating back—pressure must be less than 4,000 Pa. The present
study intended to maximize the performance through designing the
shape of the diffuser through design studies based on parametric
studies or design studies based on surrogate model and sensitivity

analysis to be followed.

static pressure IR B

Pb=3 0'00 Pa 0 1000 2000 3000 4000

Pb=3,4'00 Pa Térm;inalgshoécké
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PN £
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Fig. 27. Pressure distribution and terminal shock location of baseline
configuration B with different back-pressures
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Fig. 28. Average static pressure along the axis of baseline configuration B with
different back-pressures
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Fig. 29. Average Mach number along the axis of baseline configuration B with
different back-pressures
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CHAPTER 6

PARAMETRIC STUDY BASED DESIGN

6.1. Overview

In this chapter, parametric study—based design was used to
determine diffuser shape wvariables. This chapter deals with
conventional design methods and their limitations, and appropriate
design variables were determined through a parametric study.

The study investigated the pressure recovery considering the
blockage ratio of the test model. Subsequently, the shape parameters
of the diffuser were varied considering the influence of the shape of
each part, namely the diffuser converging section, throat, and
diverging section, on the pressure recovery of the diffuser. Through
this process, the diffuser capable of efficient testing with a large
blockage model was derived, and the performance of the designed
diffuser was evaluated and compared to the baseline configuration
from conventional design.

The design considerations obtained from this chapter can be

summarized as follows.

(1) Most of the total pressure loss occurred in the hypersonic /
supersonic region and terminal shock wave, whereas the total
pressure loss in the subsonic region was marginal. Thus, designing
the diffuser shape in the hypersonic / supersonic region is highly
important to improve the pressure recovery of the diffuser.
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(2) A high degree of total pressure loss occurred when a large
blockage model existed in the wind tunnel. This loss must be
considered in the design stage and flow analysis should be performed
including the blockage model. [Section 6.3]

(3) In the diffuser converging section, a shock wave generated
at a high Mach number resulted in severe total pressure loss.
Adjusting the shock wave intensity while changing the convergent
angle can help prevent a drastic total pressure loss. Additionally,
reducing the shock wave angle by placing a catch—cylinder with a
constant—diameter duct at the entrance of the diffuser improved the
pressure recovery significantly. [Section 6.4]

(4) Determination of the appropriate cross—sectional area of the
diffuser throat was deemed extremely essential. Based on the
characteristics of the flow inside the HW'T with a high Mach number
and viscous effects along with the influence of the blockage model,
the cross—sectional area of the diffuser throat must be appropriately
sized. An extremely small diffuser throat area may cause choking in
the diffuser throat, whereas an extensively large area can increase
the required pressure ratio during wind tunnel operation. Thus, a
trade—off between these two factors must be considered when
determining the cross—sectional area of the diffuser throat. [Section
6.5]

(5) The axial length of the diffuser throat should be capable of
containing a shock train. However, the axial length of the diffuser
throat beyond this level caused marginal effect on the pressure

recovery of the diffuser. [Section 6.6)
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6.2. Calculation Setup

6.2.1. Computational Domain

Analysis domain includes test section, dummy test model with
large blockage ratio, and diffuser. (Fig. 30) Nozzles are not included
for efficient calculations. The inclusion of a nozzle did not affect the
prediction of maximum operable back—pressure and operability.
Structured grids for various shapes were created based on the Fine
grid in grid convergence study in previous chapter. Depending on the
shape, grids were added in proportion to the size of a configuration.
The number of grid points was approximately 100,000-150,000, and

the value of y+ was less than one.

6.2.2. Boundary Conditions

Fig. 30 illustrates the computational domain and the applied
boundary conditions. An inflow condition was applied to the nozzle
exit located at the far left of the domain. Table 10 lists the total
pressure, Py, total temperature, T, at the reservoir, and inflow static
pressure, P, static temperature, T, Mach number, and mass flow rate,
m at the nozzle exit. These inflow values were derived by averaging
the flow values at the nozzle exit in the flow analysis including nozzle
in Section 4. The reservoir condition is identical to that of the NASA
Langley 13 MW class HWT (Table 10) (Witte et al., 2004). Details
are the same as in the previous Section 4.5. Note that this condition
is representative of a HWT to simulate the high—speed flight of
objects in earth’s atmosphere but not representative atmospheric
re—entry, characterized by much higher temperatures and lower
pressure.

Considering the cooling system of a HWT, a constant
temperature boundary condition of 300 K was applied to the wall of
the diffuser and test section. Additionally, an adiabatic boundary
condition and a constant pressure condition were applied to the walls

of the model and the diffuser exit, respectively. The study controlled
§
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the pressure ratio of the wind tunnel by varying the back—pressure
under identical inflow conditions. At the beginning of the flow analysis,
the starting of the HWT was simulated by lowering the back-—
pressure sufficiently, and the back—pressure was gradually
increased by 200-300 Pa to verify the operable maximum back—
pressure and efficiency of the diffuser. The iterations continued until
the mass flow imbalance between the inlet and exit of the diffuser

was less than 1%.

T.S. Diffuser

Diffuser wall and Test section :
Constant temperature no-slip wall

Nozzle exit : Inflow

Test model : Axisymmetry Diffuser exit :

Adiabatic no-slip wall Constant pressure outflow B

Fig. 30. Computational domain and boundary conditions

Table 10. Flow properties at the reservoir and nozzle exit

Reservoir Po 28.6 bar
To 2216 K
Mach Number 7.0
i P 530 Pa
1
Nozzle exit T O
m 2.04 kg/s
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6.3. Effect of a Blockage Model

Typically, flow analysis for diffuser design is conducted without
including a test model. For the diffuser designed through this design
procedure, the subsequent analysis including a test model is
conducted to verify the feasibility of the wind tunnel test. However,
the flow and performance of a diffuser are affected by the presence
of a test model (HANUS et al., 1991; Pope & Goin, 1965) and the
size of the test section (Biischer et al., 1995). Therefore, a design
procedure without considering a test model can cause unexpected
problems, such as low diffuser efficiency, spillage, and unstarting
problems, when performing a real test with a model. Thus, the
analysis for diffuser design was performed along with a test model,
which aided in designing an efficient diffuser in the actual test
environment.

The present study adopted the ogive cylinder test model,
typically used to research the flow in all regions, including the
hypersonic region (Heinrich et al., 1964). The model has a fineness
ratio (i.e., model length to diameter ratio) of 4.5 and a 2.5 caliber
tangent nose (i.e., the model nose is part of a circle with a radius of
2.5 times the model diameter). In this study, blockage ratios of 0, 10,
20, and 40 were considered, and the on—design point was determined
as blockage 40%, which is the largest size recommended for
successful wind tunnel tests (Czysz, 1963). Diffuser inlet (Lsp) was
fixed as 1 m; this comprises the maximum space for a model of
0.71 m and a free space of 0.3 m for the model support system. This
test scenario can occur when a relatively large model test is required
with limited resources. Additionally, a large blockage model is
suitable for a conservative design. Through this conservative design,
it will be possible to stably perform tests at a general level of
blockage ratio of around 10%. At this level, the flow ejected from the
nozzle enters the inside of the diffuser without much deflection. In
particular, the higher the Mach number, the smaller the shock wave
angle, so it is judged that the risk of inoperability due to model

variation would be small. :
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The study verified the influence of the model and its blockage
ratio based on the flow analysis using different blockages of the
model. Fig. 31 illustrates the pressure distribution of the test section
and the initial part of the diffuser. Fig. 31 (a) depicts the result
without a test model, and Fig. 31 (b), (¢), and (d) indicates the
results with 10%, 20%, and 40% blockage test models, respectively.
The other shape parameters and flow conditions were identical. In
Fig. 31 (a), a sharply defined oblique shock was generated with a
relatively low shock wave angle. Conversely, in Figs. 31 (b), (c), and
(d), additional oblique shock waves were generated because of the
model, and the flow was deflected away from the axis. Additionally,
the blockage of the model and the oblique shock wave angle increased,
generating a broad shock wave. These differences were prominent
because the diffuser was primarily designed by changing the diffuser

shape to adjust the shock wave intensity and shock angle.

Static Pressure - E |
Diffuser inlet 650 1300 1950 2600 3250 3900

(a) Model Blockage = 0 % (Result without model)

(b) Model Blockage 10 %

=) |

=) 1|

X [m]

Fig. 31. Pressure distribution of the test section and initial part of the diffuser
with different model blockage ratios

As the test section and diffuser inlet exhibited a high Mach
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number distribution, the model influenced the total pressure loss
significantly. Fig. 32 illustrates the average total pressures along the
axial direction in the cases of Fig. 31. Unlike the case where the
model was absent in the test section, a drastic loss was observed in
the total pressure when the model was present. When the blockage
ratios were 10, 20, and 40%, total pressure losses of 62, 78, and 86%
occurred in the test section, respectively. Herein, the result was
obtained by applying the same back—pressure of 5,000 Pa. In the
absence of the model or the existence of a small blockage ratio, the
total pressure was sufficiently high before the terminal shock. This
indicates that a diffuser with a small blockage ratio can be operated
even at a higher backpressure value.

Thus, the study verified that the blockage test model results in a
rapid loss of total pressure, and the reduction in total pressure affects
the diffuser efficiency adversely. In other words, the maximum
operable back—pressure is lowered. Furthermore, this total pressure
loss requires a larger cross—sectional area of the diffuser throat to
pass the flow with lower total pressure; therefore, the test model

must be considered when determining the diffuser throat area.
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Test Section

—~ 4— First shock impinging into the diffuser wall

10°

(a) Blockage =0 %

(b) Blockage =10 %
(c) Blockage =20 %
(d) Blockage = 40 %

Average Total Pressure [Pa]

0 S 10 15
x [m]

Fig. 32. Average total pressure along the axial direction with different
blockage ratios
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6.4. Diffuser Converging Section

The diffuser converging section is located after the test section
to capture the flow ejected from the nozzle and deflected by the
model. This prevents spillage of the flow and pressure rise in the test
section, which can cause unfavorable effects on the nozzle flow.

The flow analysis performed based on the fixed test section size
and the 40% blockage model determined that the diffuser inlet
diameter must be 1.2 m to capture the deflected flow stably. Both the
test section and diffuser inlet should be small as a large diffuser size
can result in a higher Mach number of the flow. Shock waves
generated by the flow with a high Mach number cause severe total
pressure loss.

A parametric study was performed based on the determined
diffuser inlet diameter with different converging half —angles of 15, 8,
and 6 degrees. Furthermore, an additional shape with a constant—
diameter duct, referred to as a catch—cylinder, was placed before
initiating the convergence. Table 11 describes the diffuser shape
parameters and the pressure recovery result of the parametric study,
where all shape parameters are identical except for those of the
converging section. If the converging half—angle was 8 or more, the
wind tunnel could not be operated. As the converging half—angle was
reduced to 6 degrees and the catch cylinder was added, the diffuser

efficiency increased remarkably.
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Table 11. Diffuser shape parameters and pressure recovery in parametric
study for converging section

Parameters \ CASE C1 C2 C3 C4
D, [m] 0.396 0.396 0.396 0.396
Test section  Lsep [M] 1.0 1.0 1.0 1.0
Blockage [%] 40 40 40 40
D, [m] 1.2 1.2 1.2 1.2
Conve.r ging Les [m] None None None 0.7
section
a [deg.] 15 8 6 6
Dy, [m] 0.760 0.760 0.760 0.760
Throat L/D¢, 10.8 10.8 10.8 10.8
Aw/An 530 530 530 530
Diverging B [deg.] 6 6 6 6
section D, [m] 2.0 2.0 2.0 2.0
Pressure Pbmax [Pa] n/a n/a 5,000 5,800
recovery 1 [%] n/a n/a 14.8 17.2

Fig. 33 illustrates the pressure distributions of representative
cases in the parametric study. Especially, Fig. 33 (a) shows Case C1
for a converging half—angle of 15 degrees. The results confirmed
that flow deflected by the large blockage model generated the strong
oblique shock to the converging diffuser wall. Moreover, the test
section pressure was higher than that of other cases. In this state, a
severe loss of total pressure occurred prior to the diffuser throat and
the whole mass flow ejected from the nozzle was unable to flow
through the cross—sectional area of the diffuser throat. The initial
shock wave was unable to be swallowed into the diffuser throat,
which resulted in pressure increase in the test section. This
phenomenon also occurred when the converging half—angle was 8
degrees. Thus, a larger diffuser throat cross—sectional area 1is
required to operate the wind tunnel successfully as lowering the
backpressure is insufficient.

As seen in Fig. 33 (b), the non—operational problem of higher

half—angles was not present, and the maximum operable back—

» 1 O -11
8 2 -"-\."i':"ll.;



pressure was 5,000 Pa, when the converging half—angle was 6
degrees. Fig 33 (¢) and (d) shows the results for Case C4 with
catch—cylinder with the back—pressure values of 5,000 Pa and 5,500
Pa, respectively.

The catch—cylinder was designed because previous results
indicated that mitigating the first strong shock wave generated in the
diffuser wall could have a strong implication in solving the
inoperability problem and increasing efficiency. The catch—cylinder
was placed where the flow deflected from the test model hit the
diffuser wall to mitigate the intensity of the oblique shock wave
generated at that position. The results verified that the diffuser could
operate stably even at back—pressure of 5,500 Pa owing to the

reduction of the total pressure loss by the catch—cylinder.

[ k] m
0 560 1120 1680 2240 2800 3360 3920

Static Pressure

(a] Cl a —15 deg Pb—4 000 Pa

(b) C2: ¢ = 6deg., P,= 5,000 Pa

X [m]

Fig. 33. Pressure distribution of the initial part of the diffuser with different
converging shapes and back-pressures

Fig. 34 illustrates the variations in the average total pressure
along the axial direction of the result of Fig. 33. Except for the
inoperable case with 15 degrees of convergence, the total pressure
trends were identical until the first oblique shock was generated at
approximately x = 1 m on the diffuser wall. Results (a) and (b) in

Fig. 34 verify that severe total pressure losses occurred owing to the
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first oblique shock generated from the diffuser wall. Results (¢) and
(d) in Fig. 34 represent the outcome of using catch—cylinders. Herein,
the total pressure loss reduced significantly and the HW'T was
operated even at higher backpressure values than those of other
cases.

The results indicate that the diffuser converging section exhibits
a high Mach number distribution and a severe total pressure loss
owing to the oblique shock wave. Hence, reducing the total pressure
loss in this section seems to be the key to increasing diffuser
efficiency. Additionally, placing the catch—cylinder in the appropriate
location where the first oblique shock wave occurs on the wall of the
diffuser can improve the diffuser efficiency significantly. Thus, the
derived diffuser shape was determined by adding a catch—cylinder to
a 6 ° converging half—angle. The aforementioned consideration is
considered important, so it would be valuable to test it experimentally.
In addition, it would be valuable to verify this for other flow conditions,

including higher temperature conditions, and for more diverse

geometries.
GR —-—a—-— (a) C1, Pb =4,000 Pa
10 3 {b) C3, Pb = 5,000 Pa
; v (c) C4, Pb = 5,000 Pa
Il‘ ——<—— (d)C4, Pb=5,500 Pa
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Fig. 34. Average total pressure along the axial direction for different
converging shapes and back-pressures

T 11 y
8 4 -"'-\._E = I-._'.I_ 4 A



6.5. Cross Sectional Area of the Diffuser Throat

Several studies have briefly reported the importance of the
cross—sectional area of the diffuser throat (J. Anderson, 2011;
Monnerie, 1967; R.S Pugazenthi & Andy C. McIntosh, 2011). The
study conducted a parametric study to analyze the effect of the
diffuser throat area to nozzle throat area ratio (AR) on the efficiency
of the diffuser and the starting of the hypersonic wind tunnel.

In a HWT, the diffuser throat is secondary to the nozzle throat
and must pass all the flow ejected from the nozzle. The flow inside
the wind tunnel can be simplified to a quasi—one—dimensional flow
(J. Anderson, 2011), and the mass flow rate inside the wind tunnel
can be expressed using Eq. (78). Herein, A* denotes the cross—
sectional area under sonic conditions and is the minimum cross—
sectional area required for a fixed mass flow rate under a specific
total flow condition. T, denotes the total temperature, P, represents
the total pressure, m indicates the mass flow rate, y denotes the

specific heat ratio, and R represents the specific gas constant.

s
= A Lo Z(L)V‘l (78)
\/T_o R\y+1

As indicated in Eq. (78), the mass flow rate is proportional to A*
and P,. In a well-operated steady state HWT, A" becomes the
cross—sectional area of the nozzle throat. As the flow passing
through the nozzle and diffuser loses the total pressure owing to
shock waves and friction, the cross—sectional area of the diffuser
throat must be larger than that of the nozzle throat; otherwise, the
diffuser may choke and not pass the mass flow rate ejected from the
nozzle completely (J. Anderson, 2011). The ratio of the cross—
sectional area of the diffuser throat to the nozzle throat area can be
expressed using Eq. (79). Herein, subscripts 1 and 2 denote the
states in the nozzle and diffuser, respectively, whereas A; represent

the throat area. The change in total temperature is marginal in
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comparison with that of the total pressure; therefore, it can be

approximated using the ratio of the total pressure.

fo PoufTos P -
Ay Poz \/E Py

In the design stage, Eq. (79) is a prerequisite for determining the
cross—sectional area of the diffuser throat. Typically, the value of
As, is estimated using the normal shock wave relation (J. Anderson,
2011; R.S Pugazenthi & Andy C. McIntosh, 2011) as the total
pressure ratio on the right—hand side of the equation remains
unknown until the actual operation of the HWT. In this estimation, the
total pressure ratio is assumed to be equal to the ratio of total
pressure across a normal shock at the diffuser inlet Mach number, as
indicated in Eq. (80), where M; denotes the inlet Mach number and

s represents the entropy.

@ — e—(52—51)/R'

Po1
so=si_ 1 fyMi y-1) vy  [2+@-nMp 0
R y—1 |ly+1 y+1| y-1 (y + 1)M?

However, this estimation is typically used in a supersonic
environment. In a real hypersonic environment where the values of
the total temperature are high, and the values of the specific heat
ratio change, there is no guarantee that extension is possible.
Furthermore, the flow inside the hypersonic wind tunnel exhibits a
high Mach number and a severe viscous effect. Thus, the estimation
using the normal shock wave relation may underestimate the
minimum cross—sectional area (R.S Pugazenthi & Andy C. McIntosh,
2011). Additionally, the total pressure loss increased when the model
was installed and a larger diffuser throat area was required. Even if
we used a conservative value for a specific heat ratio of 1.3 and a
nozzle exit Mach number of 7, the minimum cross—sectional area of

the diffuser throat predicted using the normal shock wave relation
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was 164 times that of the nozzle throat. However, the flow analysis
with the 40% blockage model performed using computational
methods indicated that the diffuser did not choke when the throat
area was more than 445 times the nozzle throat cross—sectional area.
Thus, we concluded that applying the normal shock wave relation to
a HWT diffuser with a large blockage model can be extremely risky.

Table 12 lists the diffuser shape parameters and the pressure
recovery in the parametric study for the diffuser throat area, where
all shape parameters are identical except for those of the diffuser
throat. Case Al with an AR of 400 was inoperable, and the diffuser

efficiency tended to decrease as AR increased.

Table 12. Diffuser shape parameters and pressure recovery in the parametric
study for the diffuser throat area

Parameters \ CASE Al A2 A3 A4 AS
D, [m] 0396 0396 0396 0396  0.396
Test section  Lsep [m] 1.0 1.0 1.0 1.0 1.0
Blockage [%] 40 40 40 40 40
D; [m] 1.2 1.2 1.2 1.2 1.2
Converging 1 0.7 0.7 0.7 0.7 0.7
section
a [deg.] 6 6 6 6 6
D¢, [m] 0.660 0.696 0.730 0.760  0.800
Throat L/D¢, 11.0 11.0 11.0 11.0 11.0
A/An 400 445 489 530 588
Diverging B [deg.] 6 6 6 6 6
section D, [m] 2.0 2.0 2.0 2.0 2.0
Pressure  Ppmax[Pal  nj/a 6500 6300 5800 5500
recovery 1 [%] n/a 19.3 18.7 17.2 16.6

Fig. 35 depicts the intermediate result of A1 with AR of 400.
Although the AR is substantially larger than the predicted value using
the normal shock wave relation, the diffuser cannot pass the whole
flow ejected from the nozzle. In this case, a steady solution with Mach

7 flow in the test section was not obtained despite decreasing_ the
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value of the backpressure sufficiently. To solve this problem, it was
necessary to increase the AR or to reduce the total pressure loss

that occurs before the flow reaches the diffuser throat.

0 800 1600 2400 3200 4000 48

Static Pressure . 00-

Al: AR =400

EEEEREEE ;— Cannot pass the mass flow

coicliooe—n"

0 2 4 6 8 10 12 14 16 18
x [m]

Fig. 35. Intermediate result of pressure distribution with area ratio (AR) of
400 at a back-pressure of 5,500 Pa

Fig. 36 illustrates the pressure distribution and terminal shock
location of the diffuser for different values of AR under a
backpressure value of 5,500 Pa. Fig. 36 (a), (b), (¢), and (d) depicts
the results when the values of AR are 445, 489, 530, and 590,
respectively. The terminal shock was located upstream and the
diffuser shows lower efficiency as AR increases. This can be
attributed to the expansion of the flow owing to the larger cross—
sectional area, which directly prevented the compression of the flow
and generated shock waves at a higher Mach number. Moreover, the
total pressure loss of the terminal shock occurring in a larger duct of
the diffuser throat was severe, and a lower backpressure value
(higher pressure ratio) was required to maintain the terminal shock
wave swallowed into the diffuser throat. Fig. 37 illustrates the
average Mach number along the axial direction of diffusers with
different values of AR at a back—pressure of 5,500 Pa. As indicated
in the figure, the higher the AR, the higher the Mach number is
distributed, and the terminal shock wave occurs at the higher Mach
number. Fig. 38 depicts the average total pressure along the axial
direction of the diffuser with different values of AR at a back—
pressure of 5,500 Pa. As the AR increased, the total pressure loss
occurring in the terminal shock increased, which generated the

terminal shock wave further upstream.
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Fig. 36. Pressure distribution and terminal shock location with different values

12 14 16 18

of area ratio (AR) at a back-pressure of 5,500 Pa

89



—-—@—-— (a) A1, AR =400
— = (b)A2, AR =445
——+—— (c) A3, AR =489
——%—— (d) A4, AR =530

{e) AS, AR = 588

=

&
kS
&

-

k4

-

bl

Fo oo T e e

Average Mach Number

%

PFT-TY: = Ko
e
7

1 Lt e
el
g..& S

| S meod

0 5 10 15

Fig. 37. Average Mach number along the axial direction for different values of

throat area ratio (AR) at a back-pressure of 5,500 Pa
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Fig. 38. Average total pressure along the axial direction for different values of

area ratio (AR) at a back-pressure of 5,500 Pa
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The aforementioned results indicate that reducing the AR to a
level where the diffuser choke does not occur affects the diffuser
efficiency positively. However, when a diffuser is designed with a
low AR for high efficiency, there is a risk of choking if the model size
is increased or the flow conditions are changed. Conversely, if the
AR 1is designed to be large to reduce the risk of choking, the
efficiency of the diffuser reduces considerably. Therefore, the
purpose of the HWT design must be considered before determining
the AR. In this study, AR was determined as 489, considering the
safety margin to prevent choking while producing as high efficiency
as possible. Additionally, the optimal AR prediction through numerical
analysis still has accuracy limitations in the design stage, and the
optimal AR, based on the current knowledge, should be confirmed
experimentally. Therefore, a HWT, able to easily and low—cost
replace the diffuser, would be helpful in a subsequent optimization

phase.
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6.6. Axial Length of the Diffuser Throat

In the diffuser throat, a series of shock waves (shock train)
occurs compressing the flow. The axial length of the diffuser throat
is required to contain this entire shock train (R.S Pugazenthi & Andy
C. MclIntosh, 2011). The length of a shock train can be algebraically
expressed as a function of the Mach number, pressure ratio,
Reynolds number, and momentum boundary layer thickness of a duct
(Waltrup & Billig, 1973). However, estimating these values at the
design stage is challenging. In this case, a numerical method can be
used to predict the shock train length and determine the desired axial
length of a diffuser.

To investigate the effect of the axial length of the diffuser throat
on the pressure recovery, a parametric study was performed
considering L/Dy, values of 7, 11, 13, and 17. Table 13 lists the
diffuser shape parameters and the pressure recovery in the
parametric study for diffuser throat length, where L/Dy; was
adjusted by varying the axial length of the diffuser throat and
maintaining the diffuser throat diameter and the other design
parameters constant. Despite the large difference in L/Dy, by more
than twice, the diffuser efficiency difference due to the length of

diffuser throat was insignificant.
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Table 13. Diffuser shape parameters and pressure recovery for the parametric

study of throat length
Parameters \ CASE L1 L2 L3 L4
D, [m] 0.396 0.396 0.396 0.396
Test section  Lsep [M] 1.0 1.0 1.0 1.0
Blockage [%] 40 40 40 40
D, [m] 1.2 1.2 1.2 1.2
Converging 1) 0.7 0.7 0.7 0.7
section
a [deg.] 6 6 6 6
Dy, [m] 0.730 0.730 0.730 0.730
Throat L/D¢, 7.0 11.0 13.0 17.0
An/An 489 489 489 489
Diverging B [deg.] 6 6 6 6
section D, [m] 2.0 2.0 2.0 2.0
Pressure  Pbmax [Pa] 6,300 6,300 6,300 6,000
recovery n [%] 18.7 18.7 18.7 17.8

Fig. 39 illustrates the pressure distribution and terminal shock
location for each value of L/Dy, with a backpressure of 5,500 Pa. Fig.
40 depicts the average total pressure along the axial direction for
these cases. When L/D,, = 7, the shock train was not entirely
developed owing to the insufficient axial length of the diffuser throat.
This resulted in a stronger terminal shock. However, when the
backpressure was further increased, and the terminal shock moved
upstream further, the terminal shock wave position was formed
similar to the case with a higher L/D,. When L/Dy, was 11 and 13,
the shock train developed completely. In these two cases, the
positions of the terminal shock waves are nearly identical. When the
diffuser throat contained the shock train, the variation in the axial
length did not affect the flow structure and pressure recovery
significantly. When the axial length of the diffuser throat was
increased further (L/Dy, = 17), little changes observed in the
terminal shock pushed it forward. As the backpressure was gradually

increased, the terminal shock moved forward gradually, and Case L4
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reached the inoperable state at the lowest backpressure among the
four cases even though presenting a small difference. The reason can
be the additional total pressure loss due to the friction and heat
transfer in the extended subsonic region.

It was not possible to confirm the optimal value of L./D through
this parametric study. However, when the axial length of the diffuser
throat was beyond the shock train length, the effect of the change in
throat length was insignificant. This is because most of the total
pressure loss occurred in the hypersonic / supersonic region (Fig.
40) owing to shock waves, regardless of the shape in which the
subsonic region was distributed. In contrast, it was confirmed that
the unnecessarily long throat length of the diffuser caused secondary
total pressure loss and decreased diffuser efficiency.

Therefore, the diffuser throat length was determined to be
sufficiently long to contain the shock train. In addition, the length was
determined not to be beyond the terminal shock based on the
operating backpressure. This can prevent secondary losses that
occur in the subsonic region and reduce unnecessary construction

and operational costs of the hypersonic wind tunnel.
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Fig. 39. Pressure distribution and terminal shock location with different values
of L/Dy, at a backpressure of 5,500 Pa
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Fig. 40. Average total pressure along the axial direction with different values
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6.7. Diffuser Diverging Section

The diffuser diverging section is a divergent conical duct
following the diffuser throat. It is referred to as the subsonic diffuser.
In this section, the flow decelerates and the compression progresses
with the increasing cross—sectional area of the duct. Typically, the
design of the diffuser diverging section relies on the conditions
required at the diffuser exit (flow velocity, pressure, and
temperature), the occurrence of the flow separation, and the diffuser
length constraint. Although increasing the angle of divergence can
reduce the length of the diffuser and minimize expenses, flow
separation may occur at the diffuser exit.

Table 14 lists the diffuser shape parameters and the pressure
recovery in the parametric study for diverging half—angle,
considering B values of 15, 10, and 6 degrees. The diffuser

efficiency difference due to diverging half—angle was insignificant.

Table 14. Diffuser shape parameters and pressure recovery in the parametric
study for diverging half-angle

Parameters \ CASE D1 D2 D3
D, [m] 0.396 0.396 0.396
Test section Lsep [M] 1.0 1.0 1.0
Blockage [%] 40 40 40
D; [m] 1.2 1.2 1.2
Converging 1) 0.7 0.7 0.7
section
a [deg.] 6 6 6
D¢y [m] 0.730 0.730 0.730
Throat L/D¢, 11.0 11.0 11.0
A /Ay 489 489 489
Diverging B [deg.] 15 10 6
section D, [m] 2.0 2.0 2.0
Pressure Db max [Pal 6,300 6,300 6,300
recovery n [%] 18.7 18.7 18.7
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Fig. 41 depicts the streamlines and axial velocity distributions in
the diverging section at different diverging half—angles at a
backpressure of 5,000 Pa. Based on the design constraint described
in Section 2.1, the diameter of the diffuser exit was maintained
constant at 2 m, resulting in different total lengths for each diverging
half—angle. As illustrated in Fig. 41 (a), an excessively large
diverging half—angle results in a rapid change in the cross—sectional
area and a high adverse pressure gradient. This causes flow
separation near the diffuser wall. The streamlines in the result
indicate that recirculation occurred over a reasonably wide range,
which resulted in a non—uniform velocity distribution at the diffuser
exit and reduced the effective cross—sectional area through which
the flow could pass. This affected the pressure recovery of the
diffuser (Yang et al.,, 2020) and the performance of the heat
exchanger installed after the diffuser adversely.

Nevertheless, the shape of the diffuser diverging section
exhibited a relatively marginal effect on the pressure recovery
performance of the diffuser. Moreover, the change in shape in the
subsonic region hardly affected the pressure recovery as stated in
Section 3.5. Therefore, the diverging half—angle of the diffuser was

determined to avoid the occurrence of flow separation.

Axial Velocity LB
0 200 400 600 800 1000

(aj Di: [i’vz i5 dég.;

(bi Dé: ﬂlz 10 d‘eg.;

(c) D3: ﬂ:= 6de%}.

10 12 14 16 18
x [m]

Fig. 41. Streamline and axial velocity distribution in the diffuser diverging
section with different diverging half-angles
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6.8. Diffuser Shape Derived from Parametric Study

Table 15 presents the determined design parameters and the
resulting pressure recovery performance. The designed diffuser was
able to stably generate Mach 7 flow in the test section under various
backpressure conditions. The operable backpressure range of the
diffuser was estimated, which was necessary to determine the
specifications of other parts, such as vacuum facilities and heat
exchangers. Figs. 42 and 43 illustrate the average static pressure
and average Mach number along the axial direction with different
backpressures, respectively. The terminal shock moved forward with
the increasing backpressure, and the maximum operable
backpressure was approximately 6,300 Pa. When the backpressure
increased to 6,500 Pa, a terminal shock wave generated in the test
section rendered the test inoperable. Considering other flow
disturbances in an actual test environment, we determined that the
diffuser can operate stably and efficiently at a backpressure of
5,500 Pa.

The designed hypersonic wind tunnel diffuser exhibited a
maximum efficiency of 18.7%, with the large blockage test model
included. The diffuser efficiency without a test model in previous
studies (Brune et al., 2019; R.S Pugazenthi & Andy C. McIntosh,
2011; Savino et al., 1999) was approximately 20-40%. Although
direct comparison of efficiency was difficult due to different flow
conditions and sizes of the hypersonic wind tunnels, the designed
diffuser exhibited a high efficiency even with the large blockage
model.

Table 15 shows design variables and performance of HWT
diffuser determined via conventional and parametric study based
design procedures. The design based on the parametric study
brought about a 60% increase in the efficiency of the diffuser

compared to the baseline design.
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Table 15. Design variables and performance of HWT diffuser determined via
conventional and parametric study-based design procedures

Parameters \ Design Baseline Is’:l:g;ns;l;iec

D, [m] 0.396 0.396

Test section Lsep [m] 0.855 1.0
Blockage [%] 40 40

D; [m] 1.3 1.2

Conve.r ging Les [m] None 0.7

section

a [deg.] 5 6

D¢, [m] 0.873 0.730

Throat L/D¢, 15.0 11.0
An/An 700 489
Diverging B [deg.] 3 10
section D, [m] 1.0 2.0
Operability 0 0]

Pb,max [Pa] 4,000 6,300

irf(figi 1 [%] 11.8 18.7

Improvement [%] - 57.5
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CHAPTER 7

SURROGATE MODEL BASED DESIGN

7.1. Overview

In this chapter, the surrogate model based HWT diffuser design
study was conducted. This study tried to resolve the problem that
parametric study based diffuser design method requires excessive
time and human resource, and relies on the insights or know—how of
researchers. First, the study established a framework that can
systematically analyze the diffuser design space. Using this
framework, the surrogate model for the performance of the HWT
diffuser was constructed, and the design space was explored. The
HWT diffuser with high performance was designed based on the

surrogate model. The main conclusions of this chapter are as follows.

(1) An appropriate design space was determined through a
design space feasibility study, and through this, it was confirmed that
the conventional design process that simply refers to an existing
shape or uses an empirical formula is highly risky.

(2) The surrogate model for the operability and efficiency of the
HWT diffuser, which has both accuracy and convergence, was
derived.

(3) Through the design space exploration study using the
surrogate model, it was confirmed that the diffuser inlet diameter is

a highly important variable along with the variables emphasized in the
§
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previous Chapter 6.
(4) The HWT diffuser was designed using a surrogate model and
showed considerable high efficiency than the diffuser shapes from

conventional and parametric study based methods.
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7.2. Framework

The framework constructed is shown in Fig. 44. First, shape

design variables and ranges of a HWT diffuser were determined to

make design space considering design constraints. Experimental

points to be analyzed were sampled in the design space. After that,

framework automatically generated geometry and high—quality mesh

for each sample point calculation. Subsequently, numerical flow

analyses were conducted and resulted in maximum operable back—

pressure, or maximum efficiency, of each HW'T diffuser shapes.

Using these data, surrogate model was created and validated. If the

reliability of the surrogate model does not meet criteria,

the

surrogate model is repeatedly updated to meet the criteria by infilling

the samples.

After creating a surrogate model,

the diffuser

performance could be predicted immediately, so the efficient design

of diffuser was possible. Later, sensitivity analysis was performed

using the surrogate model.

Parametric

"| Geometry Generation J

~

Surrogate modeling

sign variables

Sampling

Parametric
Mesher

Initialize
Starting State

Max Pb
Estimator

Pb

Yes

Observations

Surrogate model
Generation / Update

Model
Varidation

Yes

Meet

Range

Constraints

.| Surrogate

Criteria?

Fig. 44. Flow-chart and framework of the study
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7.3. Kriging Model

7.3.1. Design Space Feasibility Study

In order to effectively solve a design problem, it is essential to
properly set up a design space. In the case of the HW'T diffuser
design problem, since there were not enough previous studies to use
as a reference, the design space was determined through a design
space feasibility study to select an appropriate design space.

As described in previous chapters, simply referencing the
existing shapes or using empirical formulas was highly risky.
Therefore, a certain range was set based on the diffuser
configuration designed from the parametric study. Through this, the
preliminary design space was determined. Afterwards, sampling and
flow analysis were performed in this preliminary design space.
Through these sampling flow analysis results, the feasibility of the
preliminary design space was assessed. The design variable range in
which only inoperable shapes exist for each design variable was
excluded from the design space, and the design variable range
showing high performance was included.

Fig. 45 shows whether the sampled diffuser shape was operable
or not according to inlet diameter (x—axis). Green symbol indicates
operable diffuser shape and red symbol indicates inoperable shape.
Since the design requirements and constraints of the study were
quite severe, it can be confirmed that many of sampled shape were
inoperable. The preliminary design space is marked with a blue
background. It seems that the HWT cannot be operated in the area
where the length of the diffuser inlet diameter exceeds 1.6 m.
Therefore, the subsequent design space was adjusted to have a
diffuser inlet diameter of 1.6 m or less.

Range adjustment was performed in the same way for other
variables, and the final design space was determined as shown in
Table 16. A kriging model was constructed in the resulting design

space.
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Fig. 45. Operability of the Sampled configurations of the HWT diffuser

Table 16. Design space determined

Design Var. Min Max
Lsep [m] 0.0 0.3
Blockage [%] 40 (Constant)

D; [m] 1.0 2.0
Les [m] 0.0 15
a[deg.] 2 15
Apy/An 400 1000

L/Dy, 5 20
B [deg.] 2 15
D, [m] 1.0 4.0

Through this determined design space, it was clearly confirmed
how risky the conventional diffuser design method can be. Fig. 46
illustrates the shape variables of the existing HWT diffusers and the
shape wvariables calculated by the conventional design method,
together with the design variable range derived from the design space
feasibility study in this section. Existing shape variables are
distributed over a fairly wide range, and there are many shape
variable values that deviate significantly from the current design
space.

The reason why the variable range derived in the design space
o
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feasibility study is different from the conventional design can be
explained as follows. The operating conditions of the existing
diffusers was different from those of this study. And, the test model
was included in this study. In addition, it is difficult to say that the
existing diffuser shape variables were derived through sophisticated
design studies or optimized values. Especially, it is highly probable
that the ratio of the throat area would be derived as a very
inappropriate value through the conventional method. In addition, the
converging angle of the diffuser, which should have a small angle, is
often distributed as a fairly large value in conventional design. And
the diffuser diverging angle is clustered to an excessively small value,
which will increase the total length of the diffuser and the

construction cost without little gain of efficiency.

Lsep [mm] Din [mm] Lc [mm] Alpha [deg.] AR L/D Beta [deg.] De [deg.]
1500 1600 ] 16 1200 25 @ 16 4500
1400 — —
1500 A 14 4000 —
1300 1000
1400 1200 20
12 12 3500
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1000 e
1200 w0 800 l (o) 0 3000
5
200 1100 800 * . Loed 2500 e
000 7 8 600 8
1 2000
700 600 0 @
900 6 6
A 400 ] 1500
500
800 400 s |0 4 |Al
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300 700 200 200 - .
600 = A 2 ". 500
100 500 0o o N 0 o 0 0 0

@ sPES A sciRocco M Langley ¢ DLR @ Harris A Boylan [l Monnerie ¢ White

B Present @ Thumbrule A Thumbrule O Hanus A Pugazenthi [J Austin
(r=14) (v =1.33)

Fig. 46. The shape variables of the existing HWT diffusers and the shape

variables calculated by the conventional design method, together with the

design variable range of present study

7.3.2. Generation of Kriging Model

Using the framework, the kriging model was constructed for
operability and maximum operable back—pressure according to

design variables, respectively. There were a total of 720 sampling
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analyzes performed in this study, of which 213 were operable shapes,
and the rest were inoperable shapes. For the kriging model of
operability, all sampling analysis results were used. The value of
operability was set to 1 for operable shapes, and operability was set
to O for inoperable shapes, and then the kriging model was
constructed.

The kriging model for the maximum operable back—pressure of
the diffuser was constructed using only the results of the operable
configuration. Infilling was repeated until the convergence of the
kriging model was confirmed, and the accuracy criteria of the kriging
model was fulfilled. Details are described in the next section. Finally,
a total of 213 sample data were used.

Table. 17 shows the derived kriging coefficient. Theoretically, it
represents the coefficient of each term of variables in the distance
function. Since the Gaussian distance function was used for the
distance function, according to the definition of the function, the
larger the coefficient value, the greater the influence, and the
stronger the influence is reflected especially on closely located
samples. Conversely, coefficient values of variables with little
influence becomes close to zero. In this way, the effect of each design
variable on the performance variable can be roughly confirmed

through the value of the kriging coefficient.

Table 17. Coefficients for the constructed kriging model for operability and
maximum operable back-pressure

o et Operability  Max. Pb
61 Lsep 0.47 0.30
0, Din 2.91 98.71
O3 Les 13.56 10.36
04 a 3.74 6.93
Os AR 4.24 27.99
B6 L/D 0.15 4.20
9, B 0.07 0.12
Og Deyit 0.01 0.00
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7.3.3. Reliability Assessment of Kriging Model

In this study, the kriging model was used as the surrogate model,
and the performance of the diffuser was predicted and the design was
performed through this kriging model. In addition, the kriging model
was used in the exploration study for the entire design space.
Therefore, the reliability of the kriging model was highly important
throughout the study.

Fig. 47 shows the LOOCYV result of the constructed kriging model

for maximum operable back—pressure. Overall, it can be seen that

the predicted value of the kriging model followed the actual CFD value.

In the most ideal case, the verification point is located on the line of
y =x (kriging prediction=CFD calculation), and the determination
coefficient, a metric that quantifies the goodness—of—fit of the line
of each verification point, was calculated. Fig. 48 shows that the
determination coefficient converged appropriately at the 96% level
as the number of samples increases.

The prediction error was also evaluated through NRMSE and
MAE. First, it was confirmed that NRMSE converges at about 5%
level (Fig. 49), and this represents the overall error of the kriging
model was 5%. In the case of MAE, it was confirmed that it converged
with an error of about 200 Pa (Fig. 50). In the flow analysis to find
the maximum back—pressure, the back—pressure was increased step
by step. Considering that the back—pressure was not continuously
increased for practical reason, and increased in units of 200 Pa, it can
be seen that the inherent error with this training sample was 199.9
Pa. Considering this, MAE 200 Pa was judged to be acceptable.

Comprehensively, the reliability of the kriging model was judged
to be sufficient, and subsequent studies were conducted based on this

kriging model.
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7.3.4. Kriging Response Surface and Design Space
Exploration

This section visualized the maximum operable back—pressure of
the HWT diffuser in the entire design space based on the established
kriging model. Through this, it was possible to confirm the diffuser
performance distribution in the entire design space, rather than
exploring only a part of the entire design space as in parametric study
based design. This exploration not only helped to understand the
design space more comprehensively, but it could also prevent the
design shape from being the local optimum shape that can occur in
parametric study based design.

Kriging response surface is a function that places a design
variable to an x— and y—axis as independent variables and a
maximum operable back—pressure as a z—axis dependent variable.
Other design variables not selected as independent variables were
fixed as the median value of the design space range. Since throat area
ratio, AR, is one of the most influential variables in diffuser
performance, AR was always selected as an independent variable,
and the remaining one independent variable was selected one by one
as Eq. (81). Through this, the degree of change in maximum operable
back—pressure according to the change in AR and the degree of
change in maximum operable back—pressure according to change in

the other independent variable can be clearly identified.

Zyy = z(x,y;) | dv._y, = median value of range, @81
x = AR,y; = dv;, dv = [Lgep, Din, Les, -+ |
Figs. 51—58 show the visualized kriging response surfaces (left)
and the slice results (right) of the surface. Overall, it can be seen
that AR was influential when compared with other variables, and it
can be seen that D;,, D;,, and D;, were also influential. It can be
confirmed that the other variables had little influence compared to
the previous variables, and in particular, L/D, B, and D, had very

marginal influence.
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7.3.5. HWT Diffuser Design using Kriging Model

Based on the sampling analysis data and the established kriging
model, the shape of the HWT diffuser was determined and
performance evaluation was performed. Safety factor was considered
to determine diffuser throat area to be about 10% larger, which is
similar way to determine throat area in parametric study based
design. Operability and operable maximum back—pressure were
derived, and performance comparison between the previously
designed baseline shape and the parametric study based shape was
also performed.

Table 18 shows design variables and performance of HWT
diffuser determined via various design procedures. Although the
design based on the parametric study brought about a 60% increase
in the efficiency of the diffuser compared to the baseline design, the
design based on surrogate model showed a significant further
increase in efficiency. Ultimately, it was a 90% increase in efficiency
compared to the baseline shape, and a 20% increase in efficiency
even compared to the parametric study based design. Considering
that much less time and resources were required to perform such a
good design than the parametric study based design, the usefulness
of the surrogate model based design framework constructed in this

study can be confirmed once again.
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Table 18. Design variables and performance of HWT diffusers determined via
various design procedures

Parametric Kriging
Parameters \ Design Baseline model
study base
base
D, [m] 0.396 0.396 0.396
Test section Lsep [M] 0.855 1.0 0.811
Blockage [%] 40 40 40
D; [m] 1.3 1.2 1.064
Converging Les [m] None 0.7 0.926
section
a [deg.] 5 6 6
D¢, [m] 0.873 0.730 0.730
Throat L/D¢, 15.0 11.0 9.0
An/An 700 489 453
Diverging B [deg.] 3 10 8
section D, [m] 1.0 2.0 1.483
Operability 0] 0 O
Dbmax [Pa] 4,000 6,300 7,600
Pressure 1 (%] 11.8 18.7 22.6
recovery
Improvement [%] - 57.5 90.0

Fig. 59 illustrates the pressure distributions at different back—
pressure. Figs. 60 and 61 illustrate the average static pressure and
average Mach number along the axial direction with different
backpressures, respectively. The terminal shock moved forward with
the increasing backpressure, and the maximum operable

backpressure was 7,600 Pa.
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7.4. Design considering Off —design Condition

7.4.1. Motivation

The designs before in the study aimed to design a high efficiency
diffuser under challenging specific condition where Mach 7
hypersonic flow and the large blockage model were present. (On—
design point) This design focused on enabling the most efficient and
stable test in the state where the flow condition and the test model
were determined.

However, in general, HW'T can control various inflow conditions
by replacing or modifying the nozzle. Therefore, it may sometimes
be more appropriate to design by considering the on—design point
and the off —design point, simultaneously. Therefore, in this section,
considering off—design as well as the on—design condition, the HWT
diffuser was designed to secure the operability and high efficiency in
a wide flow range. Through the framework developed in this study,
it was possible to derive a diffuser shape that showed high
performance under different flow conditions without excessive time

and human resources.

7.4.2. On—design and Off —design Condition

The operating conditions of NASA Langley's AHSTF referenced
in this study ranged from Mach number 4.7 to 8. Reservoir conditions
for generating each Mach number are all different, and the nozzle
throat area for Mach number 6, 7, and 8 flow conditions is different
from the nozzle throat area for Mach number 4.7, 5, and 5.5. That is,
a nozzle or reservoir condition generating a low Mach number such
as Mach number 4.7 is greatly different from a condition generating
a high Mach number such as Mach number 7. Table 19 shows the
reservoir condition for each Mach number of AHSTF, and shows the
nozzle throat area and nozzle exit flow conditions calculated based on
the reservoir conditions. Isentropic process was assumed for the

calculation of nozzle throat and nozzle exit variables, the special gas
§

120 =Tl



constant was 287.06J/kg - K, and the specific heat ratio was 1.363.

Table 19. Reservoir conditions and calculated nozzle exit flow variables of
NASA Langley AHSTF according to inflow Mach number

Reservoir Nozzle

Mach P, Ty A Dy, Py, T,,

Number [atm] [K] [m?] [m] [Pa] [K]
4.7 13.6 1,123 0.003 0.301 3,249 224
5.0 13.1 1,251 0.003 0.342 2,148 226
5.5 11.2 1,468 0.003 0.423 1,012 226
6.0 35.1 1,655 0.00083 0.271 1,811 220
7.0 28.6 2,216 0.00083 0.390 531 224
8.0 23.0 2,879 0.00083 0.540 171 228

For testing in a wide operating range, an HW'T diffuser that is
highly efficient not only in the high Mach number of Mach 7, but also
in the flow conditions of low Mach number of Mach 4.7 (different
nozzle and reservoir condition) would be required. In the case of
Mach number 4.7, the lowest Mach number, the flow conditions at the
nozzle exit are greatly different. And, even if the blockage ratio of
the model is the same, the shock wave angle generated from the
model will become larger. This may result in an additional constraint
that the inlet diameter of the diffuser must be larger.

Therefore, the lowest Mach number condition, Mach number 4.7
was selected as the off—design condition and the design was
performed. In the case of the performance change at the extreme
condition of opposite side, Mach number 8, the trend was almost
similar to that of Mach number 7, and there was only a difference in
the degree of lowering the efficiency. Therefore, it was judged that
the Mach number 7 condition could sufficiently represent the Mach
number 8 condition, and the Mach number 8 condition was excluded

from the design.
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7.4.3. Design Objectives

The performance objective function, PF(x), which can evaluate
the performance of the HWT diffuser, was constructed as Eq. (82).
The design objective was to maximize the performance objective

function under the constraints of Eq. (83).

Maximize
PF(x) = NPBp7(x) + @ X NPBy,7(x) — B X NSIZE (x), (82)
a=05p8=05

Subject to (83)
OPERy7(x) 2 1,0PERy47(x) = 1, Lot < 20m
NPB,;(x) is the normalized maximum operable back—pressure to
the maximum value of the maximum operable back—pressures of
various shapes under the condition of Mach number 7. NPByy,,(x) is
the normalized maximum operable back—pressure to the maximum
value of the maximum operable back—pressures of various shapes
under the condition of Mach number 4.7. However, the weighting (a)
of 0.5 was applied to the off —design condition, so that the relative
importance was reflected differently. NSIZE(x) represents the
occupying area of the test section and diffuser of the HWT and is
obtained by multiplying the total length of the test section—diffuser
and the maximum diameter of the diffuser. The weighting (8) of 0.5
was applied to this term because it would be less important than the
maximum back—pressure in the on—design condition. These weights
would be changed, or additional terms would be added to the
performance objective function to suit the other purpose or condition
of the design. In the case of constraint, OPER(x) is a function that
indicates the operability at each Mach number, and the value is set to
1 for operable shapes and set to O for inoperable shapes.
In order to find the optimal point of the problem defined above,
the maximum value of the performance objective function was
derived based on the surrogate models. Since the performance value

of the surrogate model can be obtained immediately, the maximum
-
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operable back—pressure for the entire design space was predicted,
and the global maximum value was derived. If the operability of a
shape predicted from the surrogate model was less than 1, it was
judged that the risk of inoperability was high, and the shape was
excluded from the design. The previous constraint that the total
length of the diffuser should be less than 20 m was applied in the

same way.

7.4.4. Optimization Procedure

In this section, the procedure for finding the optimal shape is
explained step by step. The surrogate models for Mach 4.7 were
constructed, and the performance function value of Eq. (82) was
calculated by combining the model with the already constructed
surrogate model of Mach 7. Excluding the inoperable shapes, the

diffuser shape with the highest performance function value was

derived, and its reliability was confirmed through actual CFD analysis.

» Construction of Surrogate Model for Mach 4.7 Condition

In the same way as the surrogate model created at Mach number
7, the kriging models that can efficiently predict the performance of
the diffuser at Mach number 4.7 were generated. CFD analyses were
performed on a total of 400 sampled diffuser shapes to generate the
surrogate model. The surrogate model for maximum back—pressure
was created based on 96 operable shapes among total 400 shapes,
and the surrogate model was created for operability using all 400
samples. As in the case of Mach number 7, the operability of operable

shape was assigned to 1, and the inoperable shape was assigned O.

» Predict Performance Function using Surrogate Models

Performance function values were predicted using the
constructed surrogate models. The maximum back—pressure was
normalized to the predicted maximum value to calculate the NPB(x)s.

When the prediction value for operability, OPER(x), was less than 1,
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the performance function value was set to O, and shapes that may be
unstable in operation were filtered out. NSIZE(x) was calculated

through shape parameters.

» Random Sampling based Optimum Point Searching

Since the number of cases was too large to consider all cases
with full factorial, the optimal point was found by repeating the LHS
and predicting the performance function value at the sample point.
Sampling was performed six times in unit of 20,000 samples,
resulting in a total of 120,000 samples. As the sampling proceeded,
the sampling domain was reduced to a design space with high
performance. The sampling was terminated at the 6th sampling where
the maximum value did not change compare to 5th sampling.

Since filtering was performed under quite conservative
constraints in terms of operability (OPER(x) = 1), only 1,644 sampled
shapes out of 120,000 samples were predicted to be able to operate
stably in both flow conditions while satisfying the design constraints.
In Fig. 62, many of samples were filtered out as being unable to
operate in one or both flow conditions. Through Figs. 62—65, it can
be confirmed that the performance at Mach number 7.0 was
compromised by about 30% considering Mach number 4.7 test. For
1,644 operable shapes, 9 shapes were selected in order of highest

performance function value as candidates for the final design.

124 -":lx_i ""l::.' ]



PF: 0 02 04 06 08

-y

0.8

0.6|

JZISN

0.4

0.2

Fig. 62. Distribution of predicted performance function values according to
terms constituting the performance function (blue symbol represent
inoperable designs)

1
08 T
i i
z 06 L
v |
@
=
T |
~ o4
02 PF: 0 02 04 06 08 1 [
0 ' . ,
0 02 0.4 0.6 0.8 1

NPB - M7.0

Fig. 63. Distribution of predicted performance fuction according to NPBs

-
F

125



1
0.8

Z 06—

o

w .

. 5 |

= i

~N

S04
02 PF: 0 02 04 06 08 1 | |

0

NSIZE

Fig. 64. Distribution of predicted performance fuction according to NPB7.0
and NSIZE

1
0.8 :
- \
i |
s \
= 06
) L
W
=
=
~ o4
02 PF. 0 02 04 08 08 1 | |
0
1 0.8 0.6 0.4 0.2 0
NSIZE

Fig. 65. Distribution of predicted performance fuction according to NPB7.0
and NSIZE

126



» CFD Calculations for Candidates with High Performance

CFD analyses were performed for 9 shapes in the order of the
highest performance function value predicted based on the surrogate
models. Table 20 shows the predicted values and CFD analysis
values for the maximum back—pressure for these cases. Considering
that the back—pressure increment in the CFD analysis was 200—250
Pa, it was judge that the predicted value agreed well with the CFD
analysis value. Among these candidates, Config 1 with the highest

performance function value in both surrogate model prediction and

CFD analysis was determined as the final design shape.

Table 20. Predicted values and CFD analysis values for the maximum
backpressure for design candidates

! Mach 4.7 Mach 7.0
Config. NSIZE
CFD Surrogate CFD Surrogate

1 8,600 8,330 5,200 5,192 0.32
2 8,600 9,019 5,200 5,042 0.35
3 8,800 9,059 5,400 5,178 0.40
4 8,600 8,971 5,200 5,164 0.39
5 8,400 8,657 5,200 5,010 0.32
6 8,400 8,804 5,200 4,967 0.32
7 8,400 8,580 5,200 5,098 0.34
8 8,400 8,771 5,000 4,885 0.31
9 8,400 8,894 5,000 4,924 0.33
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7.4.5. HWT Diffuser Design considering Off—design
Condition

Table 21 shows design variables and performance of HWT
diffuser determined via various design methods. Considering the off—
design condition, the derived diffuser shape in this section was able
to test in a wide range of flow conditions. However, it compromised

the on—design performance about 30%.

Table 21. Design variables and performance of HWT diffusers

Surrogate  Off-design

Parameters \ Design Parametric model considering
study base .
base Design
Lsep [m] 1.0 0.811 0.899
Test section
Blockage [%] 40 40 40
D; [m] 1.2 1.064 1.328
Converging Les [m] 0.7 0.926 15
section
a [deg.] 6 6 5
Dy, [mM] 0.730 0.730 0.825
Throat L/Dy, 11.0 9.0 8.0
Az /An 489 453 625
Diverging B [deg.] 10 8 12
section D, [m] 2.0 1.483 1.707
- Mach 4.7 X X 0
Operability
Mach 7.0 (0] 0 0
Maximum Mach 4.7 n/a n/a 8,600 Pa
backpressure Mach 7.0 6300Pa 7,600 Pa 5,200 Pa

128



7.4.6. Summary of Derived Diffuser Shapes

Fig. 66 shows configurations of designed diffusers and NASA
AHSTF diffuser. The coordinates were rescaled x to y ratio to be
20 % for clarity. The front of the HWT diffuser of AHSTF is simply
composed of a cylindrical shape with a large diameter. Although this
configuration may be capable of stable testing in various conditions,
this would have considerably low efficiency, resulting in high
operating costs.

In the parametric study based design (PBD in Fig. 66), the shape
of each part was adjusted to reduce the total pressure loss as much
as possible while minimizing the risk of inoperability due to the large
blockage model. The shape was adjusted to reduce the shock wave
angle in the converging section, and the duct size was determined to
be small as possible. These adjustments were further optimized
through surrogate model based design (SBD in Fig. 66).

Considering the off —design condition of Mach number 4.7 (OBD
in Fig. 66), the wave angle of the shock wave generated from the
model increased, and thus the inlet diameter of the diffuser was
increased to capture all the refracted flows. Since the total pressure
loss increased as the inlet diameter of the diffuser increased, the
throat area of the diffuser should be increased to pass the whole flow
with lowered total pressure. Since the size of the wind tunnel was
also considered in the performance function, the size of the subsonic
diffuser was significantly reduced, resulting in a compact diffuser
shape.

It is noted that the nozzle of AHSFT has a rectangular cross
section rather than an axisymmetric shape as the present study, so
the flow value and profile at the nozzle exit will be quite different.
However, even considering the difference from this, the diffuser
shape derived in the study is significantly different from the diffuser

shape of AHSTF and is judged to be more efficient.
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Fig. 66. Configurations of designed diffusers and NASA AHSTF (rescaled x to
y ratio to be 20 % for clarity)
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CHAPTER 8

SENSITIVITY ANALYSIS

8.1. Overview

Sensitivity analysis (SA) was performed through the sampling
flow analysis results and the kriging models constructed. The
sensitivity analysis in this section corresponds to the global
sensitivity analysis. Whereas the parametric study only investigates
near a specific point in the design space and in a specific direction,
global sensitivity analysis examines how each design variable affects
the objective function throughout the entire design space. In addition,
sensitivity analysis can quantitatively evaluate the influence of each
design variable and rank the importance of design variables.

In sensitivity analysis, the effect of the change of each shape
variable on the operability and the maximum operable back—pressure
of the diffuser (the maximum efficiency) were investigated. The
input variables are shape parameters of HWT diffuser and output
variables are HWT operability and maximum operable back—
pressure. Correlation coefficients between each shape variable and
objective functions were investigated, and the relationships between
the two variables were visually confirmed through scatterplots. The
magnitude of influence (sensitivity index) of each design variables
was confirmed by analysis of variance, where the variance of
operability and maximum operable back—pressure was decomposed

into each variance contributions of each variable.
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The main conclusions of this chapter were as follows:

(1) At least 1,000 observations were required for convergence
of wvariance based sensitivity indices, which showed that the
surrogate model was essential for efficient indices calculation.

(2) The design variables with the greatest influence on
operability were diffuser inlet diameter, diffuser throat area ratio,
catch—cylinder length, and diffuser converging angle in that order.

(3) The design variables with the greatest influence on efficiency
were diffuser throat area ratio, diffuser inlet diameter, catch—
cylinder length, and diffuser converging angle in that order.

(4) The relationship between the throat area ratio and maximum

operable back—pressure was considered to be a fairly linear.
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8.2. Deduction of Sensitivity Indices

8.2.1. Calculation of Sobol’ Indices

Sensitivity indices based on variance decomposition can be
applied to a variety of models, including nonlinear and
multidimensional models. And it has many advantages, including the
ability to quantitatively analyze not only the influence of a variable
alone, but also the interaction effect between variables with high
reliability. However, there 1is a critical disadvantage that
computational cost is too high to calculate these indices. Therefore,
in this study, the predicted values of the kriging model were used to
calculate these sensitivity indices. The values required to obtain
sensitivity indices were derived with the previously constructed
kriging model with high reliability.

Table 22 shows the calculated sensitivity indices. It was
calculated using Sobol's method, and it shows the effect of each
variable on the operability and efficiency (maximum operable back—
pressure) of the HWT diffuser. Total sensitivity indices and first
order sensitivity indices can be confirmed. All sensitivity indices are
normalized values to make it easier to identify relative contributions
of variables. A detailed description of these indices values is

described in a later section.

Table 22. Normalized variance decomposition based sensitivity indices (Sobol’
indices) for operability and maximum operable back-pressure
(ST: total sensitivity index, S1: first order sensitivity index)

S‘;‘I‘lﬁfzve'sty Operability Max. Pb
Variable ST S1 ST S1
Lsep 0.00 0.00 0.02 0.00
Di, 0.34 0.46 0.26 0.28
Lo 0.19 0.17 0.19 0.13
a 0.17 0.15 0.08 0.02
AR 0.23 0.22 0.44 0.58
L/D 0.06 0.00 0.01 0.00

b i 211
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B 0.00 0.00 0.00 0.00
Doyir 0.00 0.00 0.00 0.00

8.2.2. Convergence of Variance based Sensitivity Indices

Sobol' sensitivity index is calculated from the objective function
values distributed in the design space (samples). And, in the study,
objective function values were predicted value from the kriging
models. In this method, the value of indices may vary depending on
how densely sampling is performed in the design space. Therefore,
while increasing the sampling level, the value of index was calculated
and convergence was confirmed. In this study, Sobol sequencing was
used as the sampling method, and n(2m + 2) kriging predictions are
required. Here, m corresponding to the number of variables was 8,
and n was increased to a power of 2 to confirm convergence.

Figs. 67 and 68 show the convergence history of total and first
order Sobol’ indices for HWT diffuser operability, respectively. The
number of samples is expressed on a logarithmic scale. The value of
indices varies depending on the number of samples used for
calculation, and the rank of each sensitivity value does not change
when the number of samples was 1024 or more. Finally, the
convergence was determined when the number of samples reached
8192, and the indices was determined with the value at this time.

Similarly, Figs. 69 and 70 are convergence history of total and
first order Sobol” indices for HWT diffuser maximum operable back—
pressure, respectively. The rank of each sensitivity value did not
change until the number of samples used for calculation was 16 or
more. When the number of samples reached 4096, it was determined
as a converged state, and the indices value was determined with the
value at this time. The reason that the indices for maximum operable
back—pressure converge more quickly seems to be because the
distribution of operability values takes a discontinuous value with O
(inoperable) or 1 (operable), and uncertainty increases owing to this

characteristics.
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Fig. 67. Convergence history of total Sobol’ indices for HWT diffuser
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Fig. 69. Convergence history of total Sobol’ indices for HWT diffuser
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8.3. SA for HWT Diffuser Performance

8.3.1. Procedure of SA

To investigate the influence of each design variables (operability
and maximum operable back—pressure) on performance variables, at
first, the correlation coefficient between each design variable and the
performance variable was observed. This value was calculated based
on the linear regression theory introduced previous Section 3.4.2.
The sign of each coefficient shows whether the performance
variables varied to same direction or in opposite direction when the
design variables change. A positive sign means the same direction,
and a negative sign means the opposite direction. The absolute value
shows how linear the relationship between the two variables is. Since
this value does not explain the magnitude of the influence of the
design variable, only values of +1 (positive relationship, linear), —1
(negative relationship, linear), and O (no linearity) were meaningfully
used.

As mentioned above, since the correlation coefficient is based
the linear regression theory, the magnitude of a correlation
coefficient does not indicate the magnitude of influence of each
design variables on the performance variables. Therefore, the
magnitude of influence of each design variables was confirmed by
variance based sensitivity indices, where the variance of operability
and maximum operable back—pressure were decomposed into each
variance contributions of each variable. Here, indices quantify the
influence of each design variable on the variance of the performance
variables. Therefore, the effect of each design variable on the HWT
diffuser performance was comprehensively confirmed by checking
the direction based on linear regression and checking the magnitude
of the influence through variance based sensitivity indices.

Additionally, the relationship between the maximum operable
back—pressure and each design variable was visualized through
scatterplots. Through this, the degree of linearity and the degree of

dispersion could be qualitatively confirmed.
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8.3.2. SA for Operability of HWT Diffuser

The operability of HW'T has been considered as a very important
issue when designing a diffuser. Fig. 71 shows the linear correlation
coefficient between shape design variables and operability. Fig. 72
shows the relative contribution of each design variables to variance
of operability. Through the Figs. 71 and 72, it can be confirmed that
the effect of each design variable on operability could be identified.
In summary, the design variables with the greatest influence were (1)
diffuser inlet diameter, (2) diffuser throat area ratio, (3) catch—
cylinder length, and (4) diffuser converging angle in that order. The
diffuser length had a relatively small effect, and the diffuser diverging
angle and diffuser exit diameter had a marginal effect.

The larger the diffuser inlet diameter, D;,, the greater the risk of
inoperability. This is because the larger the space after the nozzle,
the larger the flow expands, which corresponds to a strong shock
wave at a high Mach number, rendering a severe total pressure loss.

Next, the larger the throat ratio, AR, the higher the operability.
This seems because all the flow ejected from the nozzle could pass
through the diffuser throat due to the larger duct size even with
significantly lowered total pressure.

Increase in the diffuser converging angle, «, increases the risk
of inoperability because a strong shock wave will be generated. This
strong shock wave not only causes total pressure loss, but also
creates a strong adverse pressure gradient at the inlet of the diffuser,
which impedes the flow of the air.

In parametric study based design, the catch—cylinder was
introduced to alleviate the strength of the strong shock wave. From
sensitivity analysis, the longer the catch—cylinder length, L., the
better the operability was. However, it was confirmed through the
parametric study and the surrogate model that this catch—cylinder
should exist at an appropriate location and with an appropriate length,

but this trend could not be captured in the sensitivity analysis. This
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seems to be a weakness of global sensitivity analysis. Although
sensitivity analysis can effectively show the overall sensitivity, it
was confirmed that detailed design matters may require the
researcher's insight or comprehensive parametric study.

The results of this sensitivity analysis showed trends consistent
with the results of the parametric study of the previous chapter.
However, it was possible to deal with the diffuser inlet diameter, Dy,
which could not be dealt with in the parametric study, and it was
confirmed that this design variable was highly important for
operability. In addition, rather than focusing on a specific point in the
design space, trends could be confirmed throughout the design space,

and the degree of influence could be quantitatively evaluated.

Linear Correlation Matrix

0.8
Sep_B L_c | Alpha AR LD Beta | D_exit
Operable -0.39 | 0.30 | -0.04 | 0.01 | -0.01 0
0.04 0.16 0.12 0.06
-0.8

Fig. 71. Correlation coefficient between shape design variables and operability
/ maximum operable back-pressure
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Fig. 72. Relative contribution of each variable on the variance of operability
from variance based sensitivity analysis

8.3.3. SA for Efficiency of HWT Diffuser

It is important to improve the efficiency of a HWT diffuser
because excessive resources required to generate high pressure
ratio usually considered as a critical problem for the construction and
operation of HWT. Fig. 73 shows the linear correlation coefficient
between shape design variables and maximum operable back—
pressure. Fig. 74 shows the relative contribution of each design
variables to variance of maximum operable back—pressure. Through
the Figs. 73 and 74, it can be confirmed that the effect of each design
variable on efficiency could be identified. In summary, the design
variables with the greatest influence were (1) diffuser throat area
ratio, (2) diffuser inlet diameter, (3) catch—cylinder length, and (4)
diffuser converging angle in that order. The diffuser length had a
relatively small effect, and the diffuser diverging angle and diffuser
exit diameter had a marginal effect.

Overall, the correlation for maximum operable back—pressure
shows a mostly inverse trend with the operability of HWT. That is,
an efficient diffuser shape can be considered as a configuration of
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high risk of inoperability.

The larger the throat ratio, the smaller the maximum operable
back—pressure. This was because the large diffuser throat area itself
resulted in adverse effect on compression of the flow, and it resulted
in strong shock wave at high Mach numbers.

Next, as the diffuser inlet diameter increased, the diffuser
efficiency decreased significantly. It was confirmed that reducing the
diffuser inlet diameter as much as possible significantly improved not
only the operability but also the diffuser efficiency.

The longer the catch—cylinder length, the better the operability
was. Because, the catch—cylinder could alleviate the strength of the
strong shock wave at the forepart of the diffuser. As the shock wave
intensity decreased, the total pressure loss decreased, which had a
positive effect on the diffuser efficiency.

Conversely, increase in the diffuser converging angle decreased
the efficiency of the diffuser. This is because, as the converging
angle increases, the wave angle of the initially generated shock wave
increases, resulting in severe total pressure loss.

The results of this sensitivity analysis showed trends consistent
with the results of the parametric study of the previous chapter.
However, the diffuser inlet diameter, which could not be dealt with in

the parametric study, was highly important for diffuser efficiency.

Linear Correlation Matrix

0.8
Sep_B Lc |Alpha | AR LD Beta | D_exit
Operable -0.39 | 0.30 | -0.04 | 0.01 | -0.01 0
0.04 0.16 0.12 0.06
-0.8

Fig. 73. Correlation coefficient between shape design variables and operability
/ maximum operable back-pressure (identical figure to Fig. 71)
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Fig. 74. Relative contribution of each variable on the variance of maximum
operable back-pressure from variance based sensitivity analysis

Figs. 75—82 shows the scatterplots between shape design
variables and maximum operable back—pressure. Through this, the
degree of linearity and the degree of variance were additionally
confirmed qualitatively. Except for the throat area ratio, it could not
be said to have linear relation. The relationship between the throat
area ratio and maximum operable back—pressure was fairly linear
with a determination coefficient of 0.85. This seems to be one of the
important findings that were difficult to confirm in the parametric
study. Based on this linear relation, it would be possible that several
flow calculations with the several diffuser throat area can be used to
predict diffuser efficiency of various diffuser throat area via linearly

interpolation.
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Max Pb vs. Lsep
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Fig. 75. Scatterplot between separation length and maximum operable back-
pressure
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CHAPTER 9

CONCLUSION

9.1. Summary

This study aimed to design an efficient HWT diffuser that enables
HWT testing with the large blockage model with limited resources.
The conventional consensus required a larger HWT for the test of
the large blockage model, which will cause an exponential increase in
cost. Therefore, through comprehensive diffuser design research, it
was possible to design the diffuser shape that can test the large
blockage model.

For this objectives, the conventional design was not suitable,
because the conventional diffuser design has a high risk of deriving
an inoperable or highly inefficient diffuser shape. Furthermore, this
method relies on the insights or know—how of researchers.

Before design study, the fundamental characteristics of the HW'T
were analyzed through numerical analysis, and an innovative
observation variable useful for effective diffuser design were newly
proposed. Efficient HWT diffuser was designed by using a design
method that was more sophisticated than the conventional method.
The first method was parametric study based design, and the second
method was surrogate model based design. The study primarily
focused on the operability of diffuser, and reducing total pressure
loss, in other words, improving the efficiency of the diffuser. Thereby

this study relieved the required pressure ratio and designing the
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HWT diffuser for a large—sized model test under restrictive
conditions.

In the parametric study based design, a parametric study was
performed through numerical analysis for each design variable. The
effect of each design variable on the diffuser efficiency was
investigated. By repeating these parametric studies, the diffuser
shape was adjusted to enable a stable wind tunnel test with higher
efficiency, and the efficient diffuser shape that satisfied the
requirements was derived.

Surrogate model based design was also conducted to compensate
for the weakness of parametric study based design in time and
resource consumption, where parametric studies must be repeatedly
performed until the design requirements is fulfilled. First, the design
framework was established and consists of a LHS based analysis
point sampler, an automated flow analysis and diffuser efficiency
evaluation module, a kriging surrogate model generation module, and
a sensitivity analysis module. The diffuser performance according to
the shape of the diffuser can be immediately predicted by the
surrogate model, so it can be effectively used for diffuser design and
sensitivity analysis without excessive flow analysis. Subsequently,
as a further study assuming a more general situation, a diffuser with
high efficiency not only in the on—design Mach 7 flow condition but

also in the off—design Mach 4.7 flow condition (that is, to cover a

wide range of flow condition and achieve high efficiency) was derived.

Through each design method, useful design considerations for
designing a HW'T diffuser with high performance were derived, and
the performance comparison of the diffuser shape derived through
each design was performed. Although the design based on the
parametric study brought about a 60% increase in the efficiency of
the diffuser compared to the baseline design, the design based on
surrogate model showed a significant further increase in efficiency.
Ultimately, it was a 90% increase in efficiency compared to the
baseline shape, and a 20% increase in efficiency even compared to
the parametric study based design. Considering that much less time

and resources were required to perform the surrogate model based
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design than the parametric study based design, the usefulness of the
surrogate model based design framework constructed in this study
can be confirmed.

This high level of improvements was judged to be the evidence
that the conventional design of HWT diffuser has focused on simply
sizing rather than optimization. It was confirmed that the design
objectives that were previously considered impossible or would cost
excessively could be effectively resolved by designing the diffuser

appropriately.
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9.2. Design Considerations for HWT diffuser design

The design considerations obtained from the study can be

summarized as follows.

(1) In order to analyze the diffuser, the mass flow rate weighted
average total pressure was proposed as an important observation
variable. This observation variable was an important finding that
makes it possible to clearly explain the cause of the superiority and
inferiority of the efficiency of the wvarious diffuser shapes during
design.

(2) Most of the total pressure loss occurred in the hypersonic /
supersonic region and terminal shock wave, whereas the total
pressure loss in the subsonic region was marginal. Thus, designing
the diffuser shape in the hypersonic / supersonic region was highly
important to improve the pressure recovery of the diffuser.

(3) high degree of total pressure loss occurred when a large
blockage model existed in the wind tunnel. This loss must be
considered in the design stage and flow analysis should be performed
including the blockage model.

(4) In the diffuser converging section, shock wave generated at
a high Mach number resulted in severe total pressure loss. Adjusting
the shock wave intensity while changing the convergent angle can
help prevent a drastic total pressure loss. Additionally, reducing the
shock wave angle by placing a catch—cylinder with a constant—
diameter duct at the entrance of the diffuser improved the pressure
recovery significantly.

(5) Determination of the appropriate cross—sectional area of the
diffuser throat was deemed extremely essential. Based on the
characteristics of the flow inside the HWT with a high Mach number
and viscous effects along with the influence of the blockage model,
the cross—sectional area of the diffuser throat must be appropriately
sized. An extremely small diffuser throat area may cause choking in
the diffuser throat, whereas an extensively large area can increase

the required pressure ratio during wind tunnel operation. Thus, a
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trade—off between these two factors must be considered when
determining the cross—sectional area of the diffuser throat.

(6) The design space feasibility study showed that the
conventional design process that simply refers to an existing shape
or uses an empirical formula would be highly risky.

(7) Through the design space exploration study using the
surrogate model, it was confirmed that the diffuser inlet diameter was
also a highly important variable.

(8) The design variables with the greatest influence on
operability were diffuser inlet diameter, diffuser throat area ratio,
catch—cylinder length, and diffuser converging angle in that order.
And, influence of other variables was marginal.

(9) The design variables with the greatest influence on efficiency
were diffuser throat area ratio, diffuser inlet diameter, catch—
cylinder length, and diffuser converging angle in that order. And,
influence of other variables was marginal.

(10) The relationship between the throat area ratio and maximum
operable back—pressure was considered to be a fairly linear. This
finding is judged to be highly useful when performance prediction

with a small number of simulations is required.
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9.3. Limitations and Future Works

The limitations of the study and follow—up studies are described

in several items.

» Concerning the Scale of HWT and Massflow Rate
The present study deals with the 13 MW class large scale HWT.

However, due to practical reasons such as cost and space required

for construction and operation, there would be many cases in which
a smaller scale wind tunnel should be constructed. For example, if
sufficient space cannot be secured for constructing a HWT, the scale
of the HWT will inevitably be reduced. If the resource of generating
the mass flow rate of gas is insufficient, by reducing the mass flow
rate, it 1s possible to reduce the required capacity and cost of gas

tank, heater, and vacuum facility. Therefore, this section briefly

discussed the influence of small scale and low mass flow rate of HWT.

It is hoped that this section would help design small—scale HWTs in
follow—up studies.

Since the most important similarity variable in HWT is the Mach
number, the Mach number is fixed (that is, the nozzle —to—exit area
ratio is fixed) and develop the discussion. Mass flow rate is as shown
in Eq. (84), and as can be seen from Eq. (88), the reduction of the
mass flow rate can be achieved by changing three variables.
Assuming that only one variable is changed, the effect of the
reduction of the reservoir pressure, the increase of the reservoir
temperature, and the nozzle size (i.e., HWT scale) reduction is
discussed in the aspects of (1) flow characteristics, (2) air modeling,

and (3) wind tunnel construction and operation, respectively.

m = pVA (84)
_P
P=pr (85)
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V = M\/yRT (86)

A 2 (87)

2
moc\/%M% (88)

First, in terms of the flow characteristics, it would be valuable to
discuss the change of the Reynolds number, which is a major
similarity variable along with the Mach number. The Reynolds
number can be expressed in terms of pressure, temperature, and
characteristic length as Eq. (89). As can be seen from the equation,
when the pressure is lowered rendering a small mass flow rate, the
Reynolds number decreases and the viscous effect will be increase.
Increasing the temperature also causes a decrease in the Reynolds
number, and decreasing the wind tunnel scale also decreases the
Reynolds number. Therefore, when the scale or mass flow rate of
HWT is lowered, it is judged that it is necessary to confirm whether

the increased viscosity effect can greatly change the test result.

VL L
_PVL_ |y P

In terms of the energy mode and chemical reaction of air
molecules, decreasing pressure to lower the mass flow rate causes
the chemical reaction to start at a lower temperature (J. D. Anderson,
2006). This is because the chemical reaction of air molecules at high
temperature is a reaction where the number of molecules increases.
Next, increasing the temperature to lower the mass flow rate
increases the degree of chemical reactions. The size of the wind
tunnel does not affect equilibrium state of the air. Therefore, if the
mass flow rate is reduced, the effect of chemical reaction should be
observed more carefully.

The importance of the nonequilibrium state varies depending on
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the magnitude of the flow characteristic time and the chemical
reaction characteristic time as shown in the following relations (J. D.
Anderson, 2006).

Equilibrium: t5 > 1, (90)
Frozen: 1y K 1, 91
Nonequilibrium: t¢ ~ 7, (92)

The flow characteristic time, 7y, is expressed as the ratio of the
characteristic length to the flow velocity, and the chemical reaction
characteristic time, 7., is representative time for chemical reaction
to complete. This characteristic time decreases as the pressure and
temperature increase. After all, since chemical reactions are caused
by collisions between air molecules, it can be confirmed that the
nonequilibrium becomes more important as the collisions between
molecules slow down. Therefore, the nonequilibrium should be
considered carefully when decreasing the mass flow rate. Importance
of nonequilibrium will be increase when the pressure is sufficiently
reduced and the scale of HWT is sufficiently decreased. Conversely,
increased temperature makes the nonequilibrium important.

Finally, in the aspect of construction and operation of the wind
tunnel, it is theoretically possible to reduce the required capacity of
the air tank, vacuum tank, heater and dehumidifier by reducing the
mass flow rate. This can be effective in terms of cost. However, in
practice, it is judged that this approach is not accessible. Because the
mass flow rate can be lowered by decreasing the pressure with the
size and temperature of HWT fixed, but in this case, required back—
pressure should be lowered rendering increased cost. It seems that
the cost of lowering the back—pressure would be greater than the
reduced cost by lowering the mass flow rate. Therefore, it seems
that the general choice is to operate more economically at higher

back—pressure without decreasing mass flow rate. Similarly,

increasing temperature can decrease mass flow rate. However, since _
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the cost of increasing temperature is generally greater, it seems that
the general choice 1s to operate more economically at lower
temperature without decreasing mass flow rate.

The above discussion can also be confirmed through the
reservoir and nozzle exit flow conditions of NASA Langley AHSTF
in Table 23. It is noted that the various Mach number flow conditions
have inflow temperature constantly controlled at the level of 220 K.
This temperature seems to be sufficient to prevent condensation
when the flow expands to higher Mach number in HWT. Practically,
dehumidification of air has limited level. The maximum specifications
of dehumidifiers are distributed to the extent of making the dew point
of air at the level of —80 degrees Celsius. In addition, since increasing
the air temperature will incur a relatively large cost, it seems that the
temperature has been preferentially set to the minimum level at
which condensation will not occur. Conversely, the mass flow rate is
distributed over a rather wide range in Table 23. Therefore, in HWT,
since the priority 1s to meet restrictive conditions such as the
prevention of condensation or vacuum level achievement, mass flow

rate seems to be determined as a dependent variable.

Table 23. Reservoir and nozzle exit flow conditions of NASA Langley AHSTF
according to inflow Mach number (including mass flow rate)

Reservoir Nozzle

Mach Py, Ty A" m Py, ity

Number [atm] [K] [m?] [kg/s] [Pa] K]
4.7 13.6 1,123 0.003 4.99 3,249 224
5.0 131 1,251 0.003 4.54 2,148 226
5.5 11.2 1,468 0.003 3.58 1,012 226
6.0 35.1 1,655 0.00083 291 1,811 220
7.0 28.6 2,216 0.00083 2.05 531 224
8.0 23.0 2,879 0.00083 1.43 171 228

Downscaling a HW'T has the advantage of considerably reducing
HWT construction and operating costs, as described in Section 1.2.1.

However, as the HWT becomes smaller, it basically deviates from
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the Reynolds number similarity more and increases the relative
magnitude of measurement noise compared to the flow properties,
thereby increasing the measurement error. In addition, in terms of
test model, the difficulty of manufacturing the test model is increased
because the size of the model must be downscaled considering
blockage ratio and test section size.

In summary, the discussions in this section deal with changes in
Reynolds number, equilibrium chemical reactions, nonequilibrium,
required specifications of HWT components in a qualitative point of
view. Therefore, it is judged that additional research would be
necessary to quantitatively analyze how much the change of mass
flow rate and scale affects each aspect, and whether the influence

should be considered or not.

» Transient Characteristics in Starting Process

This study focused on confirming the operability of HWT and the
maximum operable back—pressure that can be operated after the
starting state. Additionally, the unsteady characteristics and
transient starting procedure were briefly covered in Sections
4.5.2~4.5.53, but as a further study, it would be meaningful to conduct
more research on the transient characteristics in starting process and
the operational strategy for efficient and stable starting.

As mentioned in Section 4.5.2, it is known that the characteristic
time of the back—pressure change will be several orders of
magnitude larger than the characteristic flow time, so, the time—
dependent starting procedures can be investigated based on the
combination of steady calculations (Savino et al., 1999). In other
words, the present study was conducted under the assumption that
the flow change due to the transient change in back—pressure could
be predicted identically by replacing it with a series of steady
analyses.

However, the referenced literature does not provide detailed data

on the difference between the unsteady calculation and the

combination of steady calculations. And, it does not provide a detailed :
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condition or range where this assumption is valid. Therefore, it is
also valuable to investigate the wvalidity of this assumption by
performing unsteady analysis and comparing it with a combination of
steady —state analysis results.

In the starting procedure of a HWT, unsteady characteristics
prevails. As the pressure ratio becomes increased before starting,
the shock wave initially generated from the nozzle throat will move
downstream and be swallowed into the diffuser throat, resulting in
wind tunnel starting. In this transient process, a higher pressure ratio
i1s required than in the operational steady state because the shock
wave should be swallowed to the diffuser. This initial shock system
1s not similar to series of oblique shocks in operational state, and is
close to the normal shock wave rendering severe total pressure loss,
Therefore, it is judged that it is appropriate to distinguish the
pressure ratio required for operation (after starting state) from the
pressure ratio required for initially starting. More successful design
will be possible if the pressure ratio required for starting is
simultaneously considered in the design.

The starting pressure ratio is expected to be affected by the
shape of the diffuser, and the initial flow conditions inside the HWT
before starting (whether to start at a relatively high pressure in a
duct or after making the duct pressure close to a vacuum).
Additionally, the back—pressure control strategy (the lowering speed
of back—pressure, the level of lowering back—pressure, etc.) could
make difference. It is judged that it would be valuable to analyze
these aspects and refer to them for design or operation strategy of
HWT.

» Hot Wind Tunnel Design

The conditions of this study belong to the cold wind tunnel among

the categories of HWT. Here, since the temperature was distributed
at a maximum of about 2,500 K, the flow analysis was carried out

assuming that the air was in an equilibrium state. However, in order

to design all kinds of HWT diffusers including hot wind tunnels, it is :
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necessary to accurately analyze even higher temperature air. In
these temperature distributions, other major effects not covered in
the study, such as vibrational and chemical non—equilibrium, might

appear.

» Flow Analysis of Higher Fidelity and Lower Fidelity

In this study, flow analysis was performed under the assumption
of axis—symmetry. However, in a real environment, it is highly likely
that the flow is not axisymmetric due to the non—symmetric model
support and noise from various sources. Since the performance of
the diffuser could vary depending on the structure of the shock wave
formed inside the diffuser duct, if the symmetry is not assured, the
performance may be different. To the best of author’s knowledge,
research on whether this symmetry i1s a factor that increases the
diffuser performance has not been conducted until now. Therefore, it
1s judged that subsequent studies will also be valuable to evaluate
these effects through 3D analysis. On the contrary, it is judged that
it would be valuable to increase the efficiency of diffuser design
through a study on a simplified model for more efficient and faster

analysis of HWT such as a 1D analysis model.

» Extension of the Design Framework

It was confirmed that the design framework developed in this
study was a quite valuable tool in designing the HW'T Diffuser. It is
expected that this framework will be effective in solving design
problems in similar applications, and if only the flow analysis and grid
generation modules are adjusted to the application, it 1s judged to be

expandable to various applications.
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