
 

 

저작자표시-비영리-변경금지 2.0 대한민국 

이용자는 아래의 조건을 따르는 경우에 한하여 자유롭게 

l 이 저작물을 복제, 배포, 전송, 전시, 공연 및 방송할 수 있습니다.  

다음과 같은 조건을 따라야 합니다: 

l 귀하는, 이 저작물의 재이용이나 배포의 경우, 이 저작물에 적용된 이용허락조건
을 명확하게 나타내어야 합니다.  

l 저작권자로부터 별도의 허가를 받으면 이러한 조건들은 적용되지 않습니다.  

저작권법에 따른 이용자의 권리는 위의 내용에 의하여 영향을 받지 않습니다. 

이것은 이용허락규약(Legal Code)을 이해하기 쉽게 요약한 것입니다.  

Disclaimer  

  

  

저작자표시. 귀하는 원저작자를 표시하여야 합니다. 

비영리. 귀하는 이 저작물을 영리 목적으로 이용할 수 없습니다. 

변경금지. 귀하는 이 저작물을 개작, 변형 또는 가공할 수 없습니다. 

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


공학박사학위논문

Numerical Study on Plenum Mixing
Chamber and Diffusers of Arc-Heated

Wind Tunnel and Predicting Correlation
between Arc-Heater Parameters using

Multi-Layer Perceptron

아크가열식풍동의플레넘혼합실과디퓨저에대한
수치적연구및멀티레이어퍼셉트론을이용한

아크히터변수들의상관관계예측

2023년 2월

서울대학교대학원

기계항공공학부

백진솔



공학박사학위논문

Numerical Study on Plenum Mixing
Chamber and Diffusers of Arc-Heated

Wind Tunnel and Predicting Correlation
between Arc-Heater Parameters using

Multi-Layer Perceptron

아크가열식풍동의플레넘혼합실과디퓨저에대한
수치적연구및멀티레이어퍼셉트론을이용한

아크히터변수들의상관관계예측

2023년 2월

서울대학교대학원

기계항공공학부

백진솔



Numerical Study on Plenum Mixing Chamber
and Diffusers of Arc-Heated Wind Tunnel and

Predicting Correlation between Arc-Heater
Parameters using Multi-Layer Perceptron

Advisor: Prof. Kyu-Hong Kim

Submitting a Ph.D. Dissertation of Engineering

November 2022

Graduate School of Engineering
Seoul National University

Mechanical and Aerospace Engineering

Jinsol Baek

Confirming the Ph.D. Dissertation written by
Jinsol Baek

December 2022

Chair Prof. Chongam Kim

Vice Chair Prof. Kyu-Hong Kim

Examiner Prof. Kwanjung Yee

Examiner Prof. Hyungrok Do

Examiner Dr. Jae-Jung Na



Numerical Study on Plenum Mixing Chamber
and Diffusers of Arc-Heated Wind Tunnel and

Predicting Correlation between Arc-Heater
Parameters using Multi-Layer Perceptron

아크가열식풍동의플레넘혼합실과디퓨저에
대한수치적연구및멀티레이어퍼셉트론을
이용한아크히터변수들의상관관계예측

지도교수 김 규 홍

이논문을공학박사학위논문으로제출함

2022년 11월

서울대학교대학원

기계항공공학부

백 진 솔

백진솔의공학박사학위논문을인준함

2022년 12월

위 원 장 김 종 암

부위원장 김 규 홍

위 원 이 관 중

위 원 도 형 록

위 원 나 재 정



Abstract

An essential ground test facility for research on heat-resistant materials and thermal

protection systems of hypersonic flight vehicles and re-entry vehicles is an arc-heated

wind tunnel that generates high enthalpy flow using arc plasma. Research on the arc-

heated facilities has been conducted since the 1950s to secure the safety of manned

spacecraft, and advanced countries in aerospace industries such as the United States,

Europe, and Russia have built facilities of various sizes and have been using them until

now. However, few arc-heated wind tunnels exist in the Republic of Korea; therefore,

it is required to build a new facility, and upgrade the exist facility using the infrastruc-

ture of research institute reducing construction costs. In addition, overseas facilities

are also constantly in need of improvement to conduct re-entry research on other plan-

ets. Therefore, in this study, to be useful in the design, improvement, and expansion

of arc-heated facilities, studies on a computational analysis program, preliminary con-

figuration design, and performance analysis studies using an artificial neural network

model are conducted. The specific contents are as follows.

1.Improve and validate flow analysis program

The ARCFLO4, a code for an arc-heater analysis, is improved, verified, and vali-

dated as an analysis code for an entire arc-heated wind tunnel. The ARCFLO4 code

for high-pressure, high-temperature, and low-velocity thermal/chemical equilibrium

arc plasma analysis has been improved by expanding the computation region of ther-

modynamic properties and transfer coefficients to enable flow analysis in the super-

sonic/hypersonic region of arc-heated wind tunnels. In addition, the dual time step-

ping time integration method for unsteady flow analysis is adopted. The improved

flow analysis program is verified and validated by comparing the numerical results

and experimental values of the JAXA 0.75 MW arc-heater, NASA Ames 20 MW IHF
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arc-heater, and NASA Langley’s Mach 4.9 and Mach 6 nozzles.

2. Configuration proposal and flow analysis on plenum mixing chamber and diffuser

A plenum mixing chamber with a heater nozzle was proposed to ensure the stabil-

ity of the arc plasma according to the flow change inside the chamber when there is

additional flow injection into the chamber. Even if the flow inside the plenum mixing

chamber changes, it was confirmed that there is no flow change inside the arc heater

due to the choking effect by the heater nozzle, and it was found that the mixing of the

high-temperature heater flow and the room-temperature additional flow occurred in

shorter length. In the numerical study on the diffusers, flow analysis was performed on

the representative diffuser types; the center-body diffuser and the second throat cylin-

drical diffuser, and after identifying the advantages and disadvantages of each type, a

novel diffuser configuration was proposed. In the case of the novel diffuser that the

center body is located in the subsonic region, it was confirmed that the diffuser effi-

ciency was maintained and the flow temperature at the exit was the lowest due to the

increase in the cooling area.

3. Predicting correlation between arc-heater parameters using multi-layer percep-

tron

A code for predicting the performance of an arc-heated wind tunnel is developed

using the multi-layer perceptron model. Databases were built using the numerical re-

sults of segmented arc-heaters, and major design variables were selected through flow

analysis; then training was performed to predict the correlation between arc heater pa-

rameters. For verification of the multi-layer perceptron model, the predicted pressure,

arc voltage, enthalpy, and efficiency, which are performance parameters of arc-heater,

are compared with experimental values of existing arc-heaters in various sizes.
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CHAPTER 1. INTRODUCTION

1.1 Introduction to Arc-heated Wind Tunnel

In aerospace engineering, supersonic and hypersonic wind tunnels are experimental

facilities that simulate the flight environment of a vehicle on the ground and predict

the actual flight performance of a vehicle at a lower cost than flight tests. Generally, as

shown in Figure 1.1, it consists of a reservoir, a nozzle, a test-section, a pressure re-

covery system, and a vacuum chamber. The reservoir is a device that stores or creates

an experimental flow, and experiment conditions are determined by its pressure and

temperature of it. The nozzle expands and accelerates the high-pressure flow inside

the reservoir to the supersonic/hypersonic flow required for an experiment. The test-

section is where the model and material of a flight vehicle are located to experience

the experimental flow, and actual measurements are done inside. The pressure recovery

system usually consists of a diffuser and a heat exchanger, and of these, the diffuser

is an essential device. The diffuser is connected to the test-section to capture the su-

personic/hypersonic experimental flow, and a continuous shock wave is generated to

decelerate and compress the flow aerodynamically. The vacuum chamber is located

at the rearmost part of the test device to make the test-section in a vacuum state for

simulating the high-altitude environment before the experiment, and during the test,

the flow accumulates and prevents the low-pressure high-speed flow from being dis-

charged directly into the atmosphere.

1



Figure 1.1: Schematic of general supersonic/hypersonic wind tunnel facility

Supersonic and hypersonic wind tunnels can be divided into blowdown wind tun-

nels, shock tube tunnels, and arc-heated wind tunnels as shown in Figure 1.2 according

to the method of generating and storing reservoir flow. The flow duration time, tem-

perature, and velocity characteristics of wind tunnels are shown in Figure 1.3 [1]. The

blowdown wind tunnel uses a compressor to compress the working gas into a com-

pression tank; then, the stored high-pressure gas blows down to the nozzle when the

pressure valve is open. The gas temperature inside the compression tank can increase

using a heater, yet the stagnation temperature is lower than that of the arc-heated wind

tunnel. The shock tube wind tunnel divides a long tube into two spaces, increasing

the gas pressure in one tube and lowering the pressure in the other tube, and using this

pressure difference to create high-velocity flow. It is characterized by a high stagnation

temperature of the experimental flow due to the initial shock caused by the pressure

difference; however, it has a very short duration time. The arc-heated wind tunnel (i.e.,

Plasma wind tunnel) creates a high-temperature, high-pressure flow using an arc gen-

erator connected to a power supply, and it can simulate the high enthalpy flow that

a supersonic/hypersonic flight vehicle experiences. The arc-heated wind tunnel can

stably maintain high enthalpy flow for a long time compared to other wind tunnels;

therefore, it is used for research on the thermal protection system (TPS) and ablation

phenomenon of materials.

2



Figure 1.2: Reservoir System of wind tunnels

Figure 1.3: Wind tunnel capabilities [1]
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An arc-heater is the most important equipment of the arc-heated facility because

the experimental flow range varies depending on its type and size of it. The arc-heater

generates high-temperature plasma using the anode and cathode’s discharge effect, cre-

ating the high-temperature and high-pressure reservoir condition of the wind tunnel.

Arc-heaters are generally divided into four types: Segmented, Hules, Induced Coupled

Plasma (ICP), and MPD according to the high-temperature plasma generation method

and configuration. Typical enthalpy and pressure characteristics that each heater can

generate are shown in Figure 1.4. In the segmented arc heater, as shown in Figure 1.5a,

electrodes are located on both sides of the constrictor tube, and current flows through

it. Then, the current makes working gas discharged creating high-temperature plasma.

The biggest feature of the segmented heater is that the generated arc is attached to

both electrodes so that the arc length is fixed, and the constrictor tube is made up of

packs of disks that can be attached and detached, and the length and power of the

arc can be adjusted. Representative wind tunnels using segmented arc-heaters are the

National Aeronautics and Space Administration (NASA) Ames Interaction Heating

Facility (IHF) [3] and Aerodynamic Heating Facility (AHF) [3]. The Huels-type arc-

heater has a relatively simple shape and is shown in Figure 1.5b. The electrodes are

long tubular and are separated by swirl chambers, and working gas is injected be-

tween them. Unlike segmented-type heaters, Huels-type heaters do not have a fixed

arc length, and arcs are naturally formed depending on operating conditions such as

flow rate, pressure, and current, and can be attached anywhere on the tubular electrode.

The arc can be attached to the electrode at the position of a magnetic coil to stabilize

the arc. Representative Huels arc-heater facilities are the Arnold Engineering Devel-

opment Complex (AEDC) H-2 [4] and NASA Langley’s Arc Heated Scramjet Test

Facility (AHSTF) [5]. The configuration of the Induced Coupled Plasma (ICP) heater

is shown in Figure 1.5c, and it uses the electromagnetic field generated from the coil

connected to the radio frequency (RF) generator to heat the working gas. Because there

are no electrodes inside the flow (no plasma pollution), it is possible to research cat-

4



alytic behavior and reactive gases. The University of Stuttgart Institute of Space Sys-

tems (IRS)’s PWK3 [6] and Belgium’s Von Karman Institute (VKI)’s Plasmatron [7]

are representative devices using ICP heaters. The Magneto Plasma Dynamic (MPD)

heater, operating the same principle as the MPD thruster, is shown in Figure 1.5d. Un-

like other heaters in which the heated working gas flows in and accelerates through the

nozzle, electrodes are located at the inlet and end of the nozzle, so the ionized working

gas is accelerated through the nozzle and electric/magnetic field. It is known that IRS’

PWK 1 and 2 [8] use MPD heaters.

Figure 1.4: Pressure and enthalpy envelop of arc-heaters [2]
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(a) Segmented type

(b) Huels type

(c) ICP type (d) MPD type

Figure 1.5: Types of arc-heaters

6



1.2 Research Status of Arc-Heated Wind Tunnel

Arc-heated wind tunnel facility has been studied since the 1950s to ensure the safety

of a manned spacecraft’s earth escape and re-entry, and devices were manufactured and

operated from small-scale heaters in the 1960s. [1] Table 1.1 summarizes the operating

facility status of advanced countries in aerospace so far. In the United States, various

institutions centered on NASA have more than 10 arc-heated facilities of various sizes

and types ranging from several kW to several tens of MW. Europe also has more than

10 facilities, including German Aerospace Center (DLR) L2K, L3K, and IRS’s PWK

series. Russia also has arc-heated facilities of various sizes, and Japan is known to own

three devices by the Japan Aerospace Exploration Agency (JAXA). Recently, China’s

Aerodynamics Research and Development Center (CARDC) has one arc-heated facil-

ity each for small, medium, and large sizes. [9] The main development timeline of the

arc-heated wind tunnels is summarized and shown in Figure 1.6. Various arc-heated

facilities were actively researched and produced until the 1980s and 1990s, and they

are currently in the trend of optimizing existing facilities or upgrading research that

expands the operating area. In the Republic of Korea, along with Japan and China,

interest in the development of hypersonic flight vehicles and heat-resistant materials is

increasing; therefore, the demand for research, design, and construction of arc-heated

facilities is steadily rising.

7



Figure 1.6: Timeline of arc-heated wind tunnels

Table 1.1: Arc-heated facilities of the world

USA Europe Russia Asia

Number of
10 < 10 < 10 < 6 <

facilities

▶ NASA Ames ▶ DLR L2K, L3K ▶ TsNIMASH ▶ JAXA Plasma

AHF, IHF, RFD, ▶ IRS PWK1, 2, 3 TT1, TT2, T-1, T-2 wind tunnels

Representative PTF ▶ CIRA Scirocco ▶ Inst. for Prob. of ▶ CARDC

Facilities ▶ NASA Langley GHIBLI Mechanics IPG3, 4 FD-Series

AHSTF ▶ Von Karman ▶ TsAGI VTS

▶ AEDC H-Series VKI

▶ Boeing LCAT
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As various arc-heated wind tunnels have been operated for more than 60 years, enor-

mous experimental research has been conducted. Large numbers of TPS materials have

been developed, and research on the development and improvement of measurement

and observation equipment could also have been conducted. Meanwhile, Computa-

tion equipment has also advanced and the level of computational fluid dynamic (CFD)

has risen, and the results of computational analysis have been used to supplement the

experimental results that were only made with observation and measurement. As a re-

sult, the physical phenomena occurring in the experiments are now better understood.

Moreover, it is possible to design and evaluate wind tunnels using CFD. For instance,

Pugazenthi et al. [10] identified the tendency of wind tunnel performance for the design

parameters of plasma wind tunnel diffuser using numerical analysis and conducted a

design guide study. Jung [11] conducted research on the design and manufacture of

an arc heater device using CFD analysis. Recently, Agostinelli et al. [12] redesigned

the diffuser of the GHIBLI plasma wind tunnel through aerothermodynamic analysis,

and Foulade and Farahani [13] numerically investigated the correlation between noz-

zle internal flow and wind tunnel performance. General CFD analysis of a wind tunnel

can be performed through a commercial analysis program (i.e., ANSYS fluent, STAR

CCM, etc.), but to study the detailed and complex physical phenomena that occur in

arc-heated wind tunnels such as high-temperature plasma flow with chemical reaction

and supersonic/hypersonic flow with shock-shock and shock-boundary interaction, it

is better to use in-house codes including high-accuracy physical models and numer-

ical techniques. ARCFLO series is a representative in-house code for an arc-heater

analysis. ARCFLO was developed by Nicolet et al. [14], and improvements have been

made. The viscous effect is considered by Kim et al. [15], and Sakai et al. [16] in-

cluded radiative heat transfer model for this high-temperature plasma to ARCFLO.

The most recent ARCFLO code is ARCFLO4, which was developed by Lee et al. [17]

to account for turbulence using the two equation Reynolds Averaged Navier-Stokes

(RANS) equation, and it also considered the mixture of air and shield gas. [18]
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1.3 Outline of Thesis

1.3.1 Motivation and objectives

There is a continuing need for upgrades and optimization of arc-heated wind tunnels

because of the obsolescence of 1950s and 60s devices and the development of re-entry

objects to other planets in the solar system. Especially, since arc-heated facilities are

rare in the Republic of Korea, demand for research to build arc-heated facilities arises

as interest in space development increases. Research on arc-heated wind tunnel de-

sign and improvement using CFD analysis can identify the operation range of existing

equipment, and optimal design of facilities is possible. In addition, by simulating the

experiment, the normal operation and the flow duration of the wind tunnel are identi-

fied to enable efficient experiments. Then, after the experiment, it is possible to obtain

high-accuracy research results by analyzing physical phenomena such as similarity

problems and boundary layer effects in a wind tunnel by complementing the experi-

mental values.Moreover, since research using machine learning or artificial intelligent

(AI) is being actively conducted in various fields, arc-heated wind tunnel study us-

ing CFD has advantages in building a numerical simulation result database for wind

tunnel design or performance evaluation, and verifying necessary results. Therefore,

the present study has the following objectives to help with the design, performance

evaluation, and research of an arc-heated wind tunnel.

Objectives

1. Improve and verify the analysis program for time-efficient initial design, perfor-

mance evaluation, and identification of the experiments range in an arc-heated

wind tunnel.

2. Suggest a method to ensure arc-plasma stability because research on the arc

heater itself is highly important in the absence of a medium and large-scale arc-

heated facility in republic of Korea.
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3. Introduce a diffuser configuration that can mitigate the performance of the vac-

uum system (heat exchanger, vacuum chamber) to increase the power of the arc

heater, which is a major component in a situation where the total power of the

arc-heated facility is limited.

4. Present and verify a time-efficient and highly accurate arc-heater initial sizing

method

1.3.2 Outline of chapters

Chapter 2, “Materials and methods”, describes the analysis program, such as the

physical models and numerical techniques used for the analysis of an arc-heated wind

tunnel and components of the facility. The governing equations, thermal and chemical

equilibrium gas calculation, Joule heating and radiation for arc plasma analysis, and

turbulence models are explained, and the discretization and solution of the physical

models for computational analysis are introduced. In addition, validation and verifica-

tion results for arc-heated wind tunnel analysis are included.

In chapter 3, “Numerical analysis and investigation”, numerical analysis on the

plenum mixing chamber with heater nozzle and diffusers of an arc-heated wind tunnel

is performed. The heater nozzle is used to stabilize arc plasma inside the arc-heater

using choking effect of nozzle throat. In addition, in this chapter, diffusers of repre-

sentative types in arc-heated wind tunnel are numerically investigated, and a novel

configuration that can compensate disadvantaged of the typical diffusers.

Chapter 4, “Predicting correlation using multi-layer perceptron”, describes the ar-

tificial neural network model for predicting performance parameters of a segmented

arc-heater. The multi-layered perceptron model is used for training correlation be-

tween parameters of the heater. To validate trained prediction model, various sizes of

arc-heaters results are compared with experimental values; then, an example of sizing

a segmented arc-heater is described in this chapter.
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CHAPTER 2. MATERIALS AND METHODS

The numerical analysis program for an arc-heated wind tunnel is structured finite

volume method (FVM) in-house code based on Fortran [19] language. Based on the

ARCFLO4 [17] code for arc-heater analysis, the code is improved and verified through

this study to enable analysis of hypersonic nozzles, test-sections, diffusers, and vacuum

chambers.

2.1 Analysis Program Overview

Complex physical phenomena occur inside an arc-heated wind tunnel, and various

physical models and numerical techniques are required in the analysis program to sim-

ulate them. In the present study, the analysis program uses various physical models,

numerical schemes, and boundary conditions, from Joule heating and radiative heat

transfer by high-temperature plasma generated inside the arc heater to simulation of

the cooling effect by the wall of the device. In this section, to see the various models

and methods at a glance, the physical model and boundary conditions used in each

component analysis are summarized in Figure 2.1, and a flow chart (Figure 2.2) is

provided to understand each calculation step of the analysis program. Detailed de-

scriptions of the physical models and numerical methods are written in the following

sections (sections 2.2 and 2.3), respectively.
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2.1.1 Summary of physical models and boundary conditions

Basically, the analysis program uses two-dimensional or axisymmetric Navier-Stokes

Equations as the governing equation, and the two-equation Reynolds averaged Navier-

Stokes (RANS) models are used as the turbulence model. The flow is assumed to be

thermally and chemically equilibrium state; then, the thermodynamic properties and

transport coefficients are calculated by using a polynomial formula or by interpolating

tables of values calculated using statistical thermodynamics. In the case of low temper-

ature and high Mach number flow that exceeds the calculation range of the polynomial

formula and tables, the perfect gas equation of state is used assuming a frozen state.

The transformation of the governing equations (2D or Axisymmetric), the turbulence

model to be used, and the method of calculating thermodynamic properties can be

specified through user input.

The injection boundary condition can be used to simulate the working gas injection

into the arc-heated wind tunnel. The isothermal wall (temperature of 1,000 K) condi-

tion for the arc heater wall and the isothermal (temperature of 300 K) wall condition

for the other walls are basically set. When there is an experimental model in the test-

section, an adiabatic or isothermal wall condition is given to the object, and a constant

pressure outflow condition is used at the diffuser exit to simulate the pressure rise in

the vacuum chamber. Wall boundary conditions, wall temperature, and mass flow rate

of working gas can be set in the user input file.
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2.1.2 Flow chart and numerical schemes

Figure 2.2 shows the flow chart of the numerical analysis code for an arc-heated

wind tunnel. The numerical schemes and physical models used in each calculation

step are organized.

Figure 2.2: Flow chart of the analysis program
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2.2 Physical Modeling

2.2.1 Governing equations

The time-dependent two-dimensional or axisymmetric Navier–Stokes equations are

used as the governing equations. The continuity, momentum, and energy equations in

vector form are expressed in Equation (2.1). In the governing equations, a continu-

ity equation considering the density (ρ2) and diffusion (D2) of the second species is

added to simulate the injection of shield gas or when the working gas is a mixture

(e.g., Air and Argon). Variables such as density, velocity, and internal energy in the

governing equation are the total value of the working gas, and the density of the main

gas can be obtained by subtracting the density (ρ2) of the second species from the to-

tal density. If the working gas is a single gas, the calculation is performed excluding

the continuity equation of the second species. Also, the axisymmetric terms (H,Hv)

and energy source due to Joule heat (jE) and radiation (qR,x, qR,y). The Joule heat-

ing and radiant heat flux source terms are calculated only inside the arc heater where

high-temperature plasma exists, and are excluded from source terms when calculating

nozzles, test-sections, diffusers, vacuum chambers, etc.

∂Q

∂t
+

∂E

∂x
+

∂F

∂y
=

∂Ev

∂x
+

∂Fv

∂y
+ α(Hv −H) + I (2.1)

Where,

Q =



ρ

ρ2

ρu

ρv

ρet


,E =



ρu

ρu2

ρu2 + p

ρuv

ρhu


,F =



ρv

ρv2

ρuv

ρv2 + p

ρhv


,
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Ev =



0

ρD2

∂c2

∂x

τxx

τxy

uτxx + vτxy − qc,x − qR,x


,Fv =



0

ρD2

∂c2

∂y

τxy

τyy

uτxy + vτyy − qc,y − qR,y


,

Hv =
1

y



0

ρD2

∂c2

∂x

(hv)2

(hv)3

(hv)4


,H =

1

y



ρv

ρv2

ρuv

ρv2 + p

ρhv


, I =



0

0

0

0

−jE



τ ij = µ

∂ui

∂xj
+

∂uj

∂xi

−
2

3
µ(∇ · V⃗ )δi,j , i, j = x, y

τθθ = −
2

3
µ

∂u

∂x
+

∂v

∂y

+
3

4
µ
v

y

(hv)2 = τyx −
2

3

∂

∂x

µ
v

y



(hv)3 = τyy − τθθ −
2

3

µ
v

y

−
2

3
y
∂

∂y

µ
v

y



(hv)4 = uτyx+vτyy+
µ

Pr(γ − 1)

∂T

∂y
−
2

3

µ
v2

y

−
2

3
y
∂

∂y

µ
v2

y

−
2

3
y
∂

∂y

µ
uv

y


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2.2.2 Thermodynamic properties and transport coefficients

When the air temperature exceeds 600 K, molecular vibration is observed and the

specific heat ratio becomes a function of density and energy. Moreover, a chemical

dissociation occurs as the air temperature exceeds 2,000 K. [20] Therefore, thermody-

namic properties (e.g., pressure, temperature, and enthalpy) and transport coefficients

(e.g., viscosity and Prandtl number) in the high-temperature region should be calcu-

lated while considering the specific heat ratio changes and chemical reaction. In an

arc-heated wind tunnel, an arc-heater makes a high-enthalpy flow using arc-plasma

that the total temperature is over 10,000 K. In addition, the static temperature of the

flow could exceed 2,000 K when the flow meets the experimental model or wall in-

side the facility making a strong shock wave. Then, the specific heat ratio is no longer

constant and chemical reactions should be considered.

In order to consider the specific heat ratio change and chemical reactions of work-

ing gas, thermal and chemical equilibrium are assumed. In the thermally and chem-

ically equilibrium state, the characteristic time for chemical reactions (τc) is much

shorter than the time for the flow characteristics to change (τf ), and all chemical re-

actions occur before the flow changes. According to characteristic of hypersonic flow,

arc-heated wind tunnel facilities τc/τf ≪ 1; then, the inside flow can be assumed

thermal and chemical equilibrium. However, Takahashi [21] proves non-equilibrium

effect should be considered after the nozzle throat. Thus, thermally and chemically

non-equilibrium states may be considered at the nozzle and test-section which are

the supersonic/hypersonic flow region in the facility. However, in order to calculate

non-equilibrium flow, the calculation must be performed by adding all species to the

governing equation, resulting in a huge increase in the calculation time. Increasing

calculation time makes it difficult to achieve the goal of this study to quickly grasp the

initial design and operability of the wind tunnel, so thermal and chemical equilibrium

are considered in the present study. Nevertheless, when performing numerical anal-

ysis for detailed design and ablation simulation, the non-equilibrium flow should be
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considered.

In the validation and verification section, numerical results of supersonic/hypersonic

nozzle and experimental values are compared to make reference to the error range

based on the equilibrium assumption.

According to Anderson [20], there are four methods to calculate thermodynamic

properties and transport coefficients.

1. Directly calculate thermodynamic properties with equations obtained from sta-

tistical thermodynamics.

2. Using properties from a graphical plots such as the Mollier diagram.

3. Polynomial formulations using the relation among thermodynamic properties.

4. Interpolating tables of thermodynamic properties of high-temperature gases.

The values of these tables are calculated based on statistical thermodynamics.

In the present study, the methods 3 and 4 are used.
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A. Polynomial formula

To calculate thermodynamic properties using polynomial formula, the curve fitted

data by Srinivasan et. al [23] is used, and for the transport coefficients calculation, the

formula suggested by Gupta et al. [24] These curve fitting methods uses eleven species

of the air (O2, N2, O,N,NO,O+, N+, NO+, O++, N++, e−) equilibrium table, and

the temperature data range is up to 30,000 K, whereas the pressure data ranges from

10−4 to 102 atm. The polynomial formulations for curve fitting data are defined as

follows.

1. Pressure: p = p(e, ρ) = ρe(γ̃ − 1)

The specific heat ratio (γ̃) is calculated as formulation bellows.

γ̃ = a1 + a2Y + a3Z + a4Y Z + a5Y
2 + a6Z

2 + a7Y
2Z + a8Y Z2 + a9Y

3

+a10Z
3 + (a11 + a12Y + a13Z + a14Y Z + a15Y

2 + a16Z
2 + a17Y

2Z

+a18Y Z2 + a19Y
3 + a20Z

3)/[1± exp(a21 + a22Y + a23Z + a24Y Z)]

(2.2)

Where, Y = log10(ρ/ρ0) and Z = log10(e/RT0).

The reference values (ρ0,T0) are those of the atmosphere air state.

2. Temperature: T = T (ρ, p)

log10(T/T0) = d1 + d2Y + d3Z + d4Y Z + d5Y
2 + d6Z

2 + d7Y
2Z

+d8Y Z2 + d9Y
3 + d10Z

3 + (d11 + d12Y + d13Z + d14Y Z

+d15Y
2 + d16Z

2 + d17Y
2Z + d18Y Z2 + d19Y

3 + d20Z
3)

/[1± exp(d21 + d22Y + d23Z + d24Y Z)]

(2.3)

Where, Y = log10(ρ/ρ0), X = log10(p/p0), and Z = X − Y .
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3. Enthalpy: h = h(ρ, p) =
p

ρ
(

γ̃

γ̃ − 1
)

The general form of γ̃ is calculated as formulation bellows.

γ̃ = c1 + c2Y + c3Z + c4Y Z + c5Y
2 + c6Z

2 + c7Y
2Z + c8Y Z2 + c9Y

3

+c10Z
3 + (c11 + c12Y + c13Z + c14Y Z + c15Y

2 + c16Z
2 + c17Y

2Z

+c18Y Z2 + c19Y
3 + c20Z

3)/[1± exp(c21 + c22Y + c23Z + c24Y Z)]

(2.4)

4. Viscosity(µ)

µ = Aµ +Bµχ+ Cµχ
2 +Dµχ

3 + Eµχ
4 + Fµχ

5, χ = T/1000 (2.5)

5. Thermal conductivity(κ)

κ = Aκχ
4 +Bκχ

3 + Cκχ
2 +Dκχ+ Eκ, χ = ln(T/1000) (2.6)

6. Prandtl number(Pr)

Pr = APr +BPrχ+ CPrχ
2 +DPrχ

3 + EPrχ
4 + FPrχ

5, χ = T/1000

(2.7)

B. Tables based on mixture model

The polynomial formula, introduced in the present study, is available only in the air;

Therefore, when using a mixture as a working gas, use the mixture model used in [22]

to create a table of thermodynamic properties and transport coefficients according to

the composition ratio, and interpolate the values. Thermodynamic properties are tabu-

lated based on the chemical equilibrium with the application by NASA [23], and trans-

port coefficients are calculated using the approximation formula by Gupta et al. [24]

and Yos et al. [25]. The detailed calculation procedure and theory are well explained

by Lee [22] and Bae [26].
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For example, as the working gas is a mixture of air and argon, the calculation pro-

cedure of thermodynamic properties and transport coefficients is as follows the proce-

dure.

1. Create REPT, PTRE, diffusion, and mole tables depending on the concentration

of mixture gas.

Example of tables) Air only (Air 100 %+ Argon 0 %), Air 90 % + Argon 10 %,

Air 80 % + Ar 20 %, . . . , Argon only (Air 0 %+ Ar 100 %)

2. Use the tables as input for the analysis program.

3. Calculate the concentration of the mixture using total flow density(ρ) and species

density (ρ2) during flow calculation.

4. Calculate thermodynamic properties and transport coefficients by bilinear inter-

polation of two mixture tables with corresponding concentrations.

C. Values under the limit of polynomial formula and tables

Polynomial formulas and tables are basically used for arc-heater analysis, so there is

no problem in calculating high temperatures (maximum 30,000 K) and high pressures

(maximum 100 atm). However, in the present study, the flow is supersonic/hypersonic

and accelerates as it passes through the nozzle and the test- section, so there are cases

where the calculation of low-temperature and low-pressure flow is necessary and be-

yond the calculation range. Therefore, in order to analyze the entire components of

the arc-heated facility, a method of calculating reasonable values for thermodynamic

properties and transport coefficients that are out of the calculation range is required.

There are two methods for calculating the thermodynamic properties and transport co-

efficients of high Mach number flow outside the equilibrium calculation region: One

is a calculation method of non-equilibrium flow, and the other is a calculation method

of frozen flow. Non-equilibrium flow analysis is necessary for ablation simulation;

22



however, it is time inefficient in the initial design stage. In addition, according to ref-

erences [27, 28], it can be seen that the frozen state results in the high Mach number

and low-pressure region are closer to the experimental value than the equilibrium state,

and the error due to the non-equilibrium effect is not large. Therefore, frozen flow is

assumed in the present study.

When values of the equilibrium state are out of the calculable range, thermodynamic

properties are calculated using the perfect gas equation of state, and transport coeffi-

cients use Sutherland’s law [29]. This method may cause convergence problems due to

discontinuous regions as shown in Figure 2.3a when calculations are performed again

in the polynomial formula and table range.

To solve this, a smoothing function (Equation (2.8)) for an arbitrary physical quan-

tity (ϕ) is used, as shown in Figure 2.3b.

ϕ = ϕ1 + (ϕ2 − ϕ1)
ϕ2 − ϕmin

ϕmax − ϕmin
(2.8)

Here, the range of values for smoothing is ϕmin < ϕ < ϕmax , and each value is as

follows.

When smoothing thermodynamic properties,

 ϕ1 : Perfect gas state of equation values

ϕ2 : Polynomial formula or table values

When smoothing transport coefficients,

 ϕ1 : Values obtained from Sutherland law

ϕ2 : Polynomial formula or Table values

23



(a) Before smoothing

(b) After smoothing

Figure 2.3: Boundary and undervalue of polynomial formula and table
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2.2.3 Joule heating models

Joule heating of arc plasma can be obtained by solving Maxwell’s equations. Maxwell’s

equations consist of Gauss’ Law, Gauss’ Magnetism Law, Faraday’s Law, and Am-

pere’s Law, and they are defined as follows.

∇ ·D = q, Gauss’ Law

∇ ·B = 0, Gauss’ Magnetism Law

∇ ·×E = −
∂B

∂t
, Faraday’s Law

∇ ·×H =
∂D

∂t
+ J, Ampere’s Law

(2.9)

Where,

D = ϵE, Constitutive equation

H = B/µ0, Constitutive equation

J = σE, Ohm’s Law

E = −V∇ · ϕ

(2.10)

In the present study, the following two models are used with appropriate assump-

tions for each type to calculate Joule heating of various types of arc-heaters.
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A. Long cylindrical arc-plasma

Joule heating model for long cylindrical arc-plasma can be used for the analysis of

a segmented heater and Huels heater that arc length can be assumed by coil location.

If the current distribution is known, the Joule heating could be simply calculated by

Ohm’s Law. Since the constrictor of the segmented type heater is insulated, the current

is constant along the axis. Then, assuming that the voltage gradient is independent of

the radius and that the arc shape is a long cylindrical, Joule heating can be simplified.

Ohm’s law for a cylindrical column is defined as Equation (2.11), and it can be

rewritten in Equation (2.12).

j(x, y) = σ(x, y)E(x) (2.11)

E(x) =
j(x, y)

σ(x, y)
=

∫ R
0 2πyj(x, y) dy∫ R
0 2πyσ(x, y) dy

=
I∫ R

0 2πyσ(x, y) dy
(2.12)

Where,

I =

∫ R

0
πyj(x, y) dy = constant orI(x) (2.13)

In the Equation (2.13), the current (I) is input value, and it can be constant or a linear

function of x [15]. An example of linear function of current distribution is shown in

Figure 2.4.

Then, the joule heating (SJoule heat), which is source term of the energy equation, is

given in Equation (2.14).

SJoule heat = j(x, y) · E(x)

= σ(x, y) · E(X) · E(x)

=
σ(x, y)I2

[
∫ R
0 2πyσ(x, y) dy]2

(2.14)
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Figure 2.4: An example of current distribution along the axis
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B. General arc-plasma

The Joule heating model for general arc plasma can be used in most arc-heaters

except for inductively coupled plasma (ICP) heaters. Assuming the fluid inside heaters

is electrically neutral, the electric current continuity equation from Maxwell’s equation

is expressed in Equation (2.15).

∂(∇ ·D)

∂t
= −∇ · J =

∂q

∂t
(2.15)

∇ · J = 0 (2.16)

Using Ohm’s law, Equation (2.16) is expressed as Equation (2.17), which is the

electric potential equation.

∇ · (σ∇ϕ) = 0 (2.17)

The electric potential equation for the axisymmetric form is as follows.

∂

∂x
(σ

∂ϕ

∂x
) +

∂

∂y
(σ

∂ϕ

∂y
) +

1

y
(
∂ϕ

∂y
) = 0 (2.18)

By solving electric potential equation, arc-voltage and the electric field can be cal-

culated as follow equations.

V = I/(−
∫ R

0
σ∇ϕ2πr dr) (2.19)

E = −V∇ϕ (2.20)

Finally, the joule heating (SJouleheat) can be obtained directly.

Sjouleheat = j(x, y) · E(x) = σ(x, y) · E(x) · E(x) (2.21)

To solve the electric potential equation numerically, the discretized form of the ax-

isymmetric electric potential equation and numerical method are explained by Park

[30] (See chapter 2.3 Electric filed modeling).
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2.2.4 Radiation model

Inside arc-heaters, the flow temperature is high enough to occur radiation; therefore,

Pegot et al. [31] adopted radiation to numerical calculation. In the present study, the

radiation model of Sakai et al. [32] is used, with five assumptions.

Assumptions:

• Scattering of photons by molecules is negligible.

• Heater wall is a black body with a constant temperature.

• Cylinder length is infinite to a simple calculation of radiant heat flux in cylindri-

cal coordinates.

• Temperature gradients in the radial direction are larger than those in the axial

direction.

• Exponential kernel approximation is used to simple integration of the radiant

flux.

A. Cylindrical radiative transport model

The radiative heat flux equation is defined as Equation (2.22).

−
1

ρκν

dIν

ds
= Iν −Bν (2.22)

Here, Iν is the radiative intensity traveling along the ray (s). κν is the absorption

coefficient, and Bν represents black body function.

When the radiative intensity at a point is calculated for all directions, the radiant

flux per unit frequency in cylindrical coordinates can be calculated as follows.

qν(r) =

∫
Ω
Iν(r)cosΘ dΩ (2.23)

The cylindrical geometry and coordinate system are shown in Figure 2.5.
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Figure 2.5: Cylindrical coordinate system for the radiation model
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In the Figure 2.5 and Equation (2.23), Θ is the angle between the ray and normal

direction of outward to the surface, and Ω is the solid angle.

Integrate Equation (2.22) and substitute it to Equation (2.23); then, the radiant heat

flux can be expressed as follows.

qν(r) =4

∫ π/2

0
cosγ[Bν(R)D3(

∫ (R2−r2sin2γ)
1
2

0
µ(y) dy +

∫ (rcosγ)

0
µ(y) dy)

+

∫ (R2−r2sin2γ)
1
2

0
Bν(y)µ(y)D2(

∫ y

0
µ(y′) dy′ +

∫ rcosγ

0
µ(y) dy) dy

+

∫ rcosγ

0
Bν(y)µ(y)D2(

∫ rcosγ

0
µ(y′) d(y′)) dy] dγ

− 4

∫ π/2

0
cosγ[Bν(R)D3(

∫ (R2−r2cos2γ)
1
2

rcosγ
µ(y) dy)

+

∫ (R2−r2sin2γ)
1
2

rcosγ
Bν(y)µ(y)D2(

∫ y

rcosγ
µ(y′) dy′) dy] dγ

(2.24)

Where y, y’, and Dn(x) are defined as follows.

y = (r′2 − r2sin2γ)1/2

y′ = (r′′2 − r2sin2γ)1/2

Dn(X) =

∫ 1

0

zn−1

√
1− z2

exp(−
x

z
) dz

Here, the Dn(x) is a function of exponential integral function using kernel approx-

imation, and for the present study, for n equals three.

The local radiant heat flux is the sum of the radiant flux directed away from the

location r (i.e.,q+ν (r)) and that of directed toward the location r (i.e., q−ν (r)).

qν(r) = q+ν (r) + q−ν (r) (2.25)
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Using the angular directional fluxes (i.e., G±(r, γ)), the equation (2.25) is expressed

and discretized as Equations (2.26) and (2.27), and detailed calculation method of it is

well explained by Lee [22]. (See chapter 2.4 Radiation modeling)

q±ν (r) =

∫ π/2

0
cosγG±(r, γ) dγ (2.26)

q±ν (ri) =

j=N∑
j=2

(
G±

i,j +G±
i,j−1

2
)(sinγi,j − sinγi,j−1) (2.27)

Finally, total radiative heat flux with radius, r, can be calculated by integral Equation

(2.28) overall frequency.

qR(r) =

∫ ∞

0
qν(r) dν (2.28)

When the band-averaged model is used, the total radiative flux can be expressed as

follows.

qR(r) =
m∑
l=1

ql(r) (2.29)
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B. Three-band model

The absorption coefficient (κν) of the radial transfer equation is a coefficient repre-

senting the degree of energy absorption, and it is a function of pressure, temperature,

and frequency. For accurate radiation heat transfer calculation, it is necessary to cal-

culate the absorption coefficient for each frequency (line-by-line calculation), but it is

essential to use a band-averaging model for efficient calculation time. Using the band

averaging model, the absorption coefficient becomes a function of temperature and

pressure. In the present study, based on the Planck, Rosseland, and Gray-gas (PRG)

model [34], the three-band model developed by Sakai et al. [32], which has an accu-

racy similar to the line-by-line calculation method for arc-heater analysis is used.

The absorption coefficient of the three-band model is divided into the following

three areas.

1) κλ > acm−1 and λ < 2000Å

2) κλ < acm−1 and λ < 2000Å

3) κλ > 2000Å

Here, a is a user defined value, and a is set to 5 cm−1 in the present study.

The averaged absorption coefficients are determined by the escape factor (ϕ). The

factor is defined as Equation (2.30), and it represents the probability that an emitted

photon traveling distance (d) without absorption.

ϕ =

∫∞
0 Eλexp(−κλd) dλ∫∞

0 Eλ dλ
(2.30)

Where Eλ is an emission coefficient, and κλ is the absorption coefficient at a wave-

length λ. Assuming the averaged absorption coefficients exist over a certain rage, the

absorption as follows.

κ =
− log(ϕ)

d
(2.31)
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The total specific radiant intensity (I) is calculated using Equation (2.32) to obtain

the mean wavelength black body function (Planck function).

I =

∫ ∞

0
Iλ dλ =

∫ ∞

0
Bλ(1− exp(−κλ)) dλ (2.32)

Where Bλ is black body function at a wave length λ.

With the gray-gas approximation, the radiant intensity is rewritten as Equation (2.33).

I = B[1− exp(−κd)] (2.33)

Finally, using κ, d, and I above equations, the averaged wave length black body

function (B) is obtained as follows.

B =
1

1− exp(κd)
(2.34)

In the present study, the following set is used for the traveling distance d according

to the temperature of the flow.


d1 = d2 = 2cm for T > 10, 000K

d1 = d2 = 3cm for T < 10, 000K

d3 = 20cm

34



2.2.5 Turbulence models

The standard k−ε [33], k−ω model of Wilcox [34], and Menter’s kω-SST [35] are

adopted to the analysis code as turbulence models. These three models are Reynolds

Averaged Navier-Stokes (RANS) two-equation models, and they are the popular mod-

els solving transport equations for turbulence kinetic energy. The Reynolds stress (τij)

of all the models is modeled in terms of the eddy viscosity (µt), and it is expressed in

Equation (2.35).

τt,ij = 2µt(Sij − Snnδij/3)− 2ρkδij/3 (2.35)

A. k − ε Model

The two turbulence transport equations of the k − ε model by Jones and Launder

are defined in Equations (2.36) and (2.37). The first equation represents the turbu-

lence energy(k) transport equation, and the second one represents energy dissipation

(ε) transport equation.

∂ρk

∂t
+

∂

∂xj
(ρuj

∂k

∂xj
− (µ+

µτ

σk
)
∂k

∂xj
) = τt,ijsij − ρε (2.36)

∂ρε

∂t
+

∂

∂xj
(ρujε− (µ+

µτ

σε
)
∂ε

∂xj
) = cε1

ε

k
τt,ijsij − cε2ρ

ε2

k
(2.37)

Here, the constants of the model are defined as follows,

cµ = 0.09, cε1 = 1.45, cε1 = 1.92,

σk = 1.0, σε = 1.3, P rt = 0.9

The eddy viscosity (µt) is defined as a function of the turbulent kinetic energy, and

the turbulent dissipation rate as below.

µt = cµfµρk
2/ε (2.38)
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This turbulence model is known to give reasonable results for free-shear layer flows

with small pressure gradients. Therefore, the model has good agreement with experi-

mental results for small mean pressure gradients. However, the model requires a fine

grid spacing near solid walls and explicit wall-damping functions.

B. k − ω Model

The two turbulence transport equations of the Wilcox k − ω model are defined

in Equations (2.39) and (2.40). The first equation represents the turbulence energy(k)

transport equation, and the second one represents the specific dissipation rate (ω) equa-

tion.

∂ρk

∂t
+

∂

∂xj
(ρujk − (µ+ σ∗µτ )

∂k

∂xj
) = τt,ijsij − β∗ρωk (2.39)

∂ρk

∂t
+

∂

∂xj
(ρujω − (µ+ σµτ )

∂ω

∂xj
) = α

ω

k
τt,ijsij − βρω2 (2.40)

Here, the constants of the Wilcox model are defined as follows.

α =
5

9
, β =

3

40
, β∗ =

9

100
,

σ = 0.5, σ∗ = 0.5, P rt = 0.9

The eddy viscosity (µt) of the Wilcox model is defined as a function of the turbulent

kinetic energy, and the specific dissipation rate is as follows.

µt = ρk/ω (2.41)

The k − ω model of Wilcox does not require wall damping functions as does the

k− ε model due to the large values of the specific dissipation rate (ω) near the wall re-

gion. This turbulence model has advantages in numerical stability, and it gives a good
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agreement with experimental results in the logarithmic region for mild adverse pres-

sure gradients. However, in free-shear layer and adverse pressure gradient boundary

layer flows, the results of the model are sensitive to the specific dissipation rate of the

free stream.

C. kω − SST Model

The biggest feature of Menter’s kω−SST (shear stress transport) model is that the

Wilcox k − ω model is used in the near wall region, and the standard k − ϵ model

is used in the boundary layer edge and free shear layer region by using the blending

function. (Figure 2.6)

Figure 2.6: Schematic of the kω − SST model

The transport equation for the turbulent kinetic energy (k) is defined in Equation

(2.42), and the specific dissipation (ω) equation is written in Equation (2.43).

∂ρk

∂t
+

∂

∂xj
(ρujk − (µ+ σkµτ )

∂k

∂xj
) = τt,ijsij − β∗ρωk (2.42)

∂ρω

∂t
+

∂

∂xj
(ρujω− (µ+σµτ )

∂ω

∂xj
) = Pω −βρω2+2(1−F1)

ρσω2

ω

∂k∂ω

∂xj∂xj
(2.43)

Where the production term (Pω) of the specific dissipation is as follows.
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Pω ≡ 2γρ(2sij − ωsnnδij/3)sij (2.44)

The auxiliary blending function (F1) is defined in Equation (2.45).

F1 = tanh

min

max[

√
k

0.09ωy
,
500µ

ρωy2
],

4ρσω2k

CDkωy2


4 (2.45)

In the blending function, CDkω stands for cross-diffusion in the k-ω model, and it

is expressed as follows.

CDkω = max

2ρσω2 1
ω

∂k

∂xj

∂ω

∂xj
, 10−20

 (2.46)

The function F1 is designed to take the values one on the wall surfaced, and it goes

to zero at the boundary layer edge. The constants of the model are as follows.

α1 = 0.31, β∗ = 0.09, κ = 0.41

Also, the coefficients β, γ, σk,and σω can be noted with the symbol ϕ as Equation

(2.47), defined by blending the coefficients of the ϕ1 (coefficients of the k− ω model)

with those of the ϕ2 (coefficients of the k − ε model).

ϕ = F1ϕ1 + (1− F1)ϕ2 (2.47)

And the coefficients of the original models are as follows.

σk1 = 0.85, σω1 = 0.5, β1 = 0.075,

γ1 = β1/β
∗ − σω1κ

2/
√
β∗ = 0.553

σk2 = 1.0, σω2 = 0.856, β2 = 0.0828,

γ2 = β2/β
∗ − σω2κ

2/
√

β∗ = 0.440
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Then, the eddy viscosity (µt) of the kω − SST model is defined as follows.

µt =
ρk/ω

max[1,ΩF2/a1ω]
(2.48)

Here, the F2 is another auxiliary function of the model to modify the eddy viscosity

in the boundary region improving the prediction of separated flows. In this model, the

function, F2, is defined using wall distance (y) as follows.

F2 = tanh

(max

2
√
k

0.09ωy
,
500µ

ρωy2

)2
 (2.49)
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2.3 Numerical Methods

2.3.1 Flux schemes

A. AUSMPW+

An improved version of the advection upstream splitting method by pressure-based

weight functions (AUSMPW+) [36] is used as a numerical scheme to calculate the

vectors E and F, which are the Euler terms of the governing equation.

The AUSMPW+ method is a numerical method of the AUSM family [37] and

was developed to remove oscillations on the wall that occurred after a strong shock

wave or near the wall in the AUSM+ scheme [38]. The AUSMPW+ scheme shows

high accuracy and robustness in the analysis of chemically reactive flows and super-

sonic/hypersonic flows.

The flux of the cell interface (i.e., subscripts 1/2) using the AUSMPW+ scheme is

equal to Equation (2.50).

F 1
2
= M

+
Lc 1

2
ϕL +M

−
Rc 1

2
ϕR + (P+

L PL + P−
R PR) (2.50)

Where, ϕ = (ρ, ρu, ρH)T , P = (0, p, 0)T , and subscripts L and R indicate the left

and right status of the cell interface as shown in Figure 2.7.

Figure 2.7: Left(L) and right(R) values at a computation cell interface
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Mach number is defined as follows.

m 1
2
= M+

L +M−
R (2.51)

Where, M+
L and M

−
R are as follows.

i) m 1
2
= M+

L +M−
R ≥ 0, then

M
+
L = M+

L +M−
R [(1− w)(1 + fR)− fL] (2.52)

M
−
R = w(1 + fR) (2.53)

ii) m 1
2
= M+

L +M−
R < 0, then

M
+
L = M+

L + w(1 + fL) (2.54)

M
−
R = M−

R +M+
L [(1− w)(1 + fL)− fR] (2.55)

The w in Equations (2.52) (2.55) is defined as Equation (2.56).

w(PL, PR) = 1−min(
PL

PR
,
PR

PL
)3 (2.56)

And the pressure weighted function fL and fR are as follows.

fL,R = (
PL,R

Ps
− 1), Ps ̸= 0 (2.57)

Where,

Ps = P+
L PL + P−

R PR (2.58)
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M± and P± according to the Mach number are defined as follows.

M± =


±
1

4
(M ± 1)2, |M | ≤ 1

1

2
(M ± |M |), |M | > 1

(2.59)

P± =


±
1

4
(M ± 1)2(2∓M), |M | ≤ 1

1

2
(M ± sign(M)), |M | > 1

(2.60)

The Mach numbers in the L and R directions are defined as in Equation (2.61).

ML,R =
UL,R

c1/2
(2.61)

Here, the speed of sound (c1/2) at the midpoint is as follows.

c1/2 =



min

 c∗2

max(|UL|, c∗)

 ,
1

2
(UL + UR) > 0

min

 c∗2

max(|UR|, c∗)

 ,
1

2
(UL + UR) < 0

(2.62)

Where,

c∗ =
√
2(γ − 1)/(γ + 1)Hnormal (2.63)

Hnormal =
1

2
(HL −

1

2
V 2
L +HR −

1

2
V 2
R) (2.64)
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B. MUSCL

In the flux equation (Equation (2.50)), ϕ(L,R) is the point values at the cell interface

between i and i+1 cell. If spatial scheme uses ϕL = ϕi and ϕR = ϕ(i+1), it has first-

order accuracy in space. In the present study, the monotonic upstream-centered scheme

for conservation laws (MUSCL) [39] is used to improve spatial accuracy. The accuracy

is improved by linear reconstruction using slope limiters [40, 41]. The basic form of

spatial reconstruction with limiters is as follows,

ϕL = ϕi + 0.5× φL × (ϕi+1 − ϕi) (2.65)

ϕR = ϕi+1 + 0.5× φR × (ϕi − ϕi+1) (2.66)

where, φ is a slope limiter.

The slope limiters used in the present study are the Minmod, Van Leer, and Superbee

limiters.

Minmod Limiter :

φ(r) = max[0,min(1, r)] (2.67)

Van Leer Limiter :

φ(r) =
r + |r|
1 + |r|

(2.68)

Superbee Limiter :

φ(r) = max[0,min(2r, 1),min(r, 2)] (2.69)

C. Central diferencing method

The viscous term (vector Ev and Fv ) of the governing equation is discretized using

the second-order central differencing method
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2.3.2 Time integration schemes

A. LU-SGS

The Lower-Upper Symmetric Gauss-Seidel (LU-SGS) method by Yoon et al. [42] is

used as a time integration method. The method is an implicit time integration scheme

based on a lower-upper factorization and Gauss-Seidel relaxation. Also, it requires

only the scalar calculation for inversion, reducing computation memory and time.

In the governing equations, the time differential equation with spatial flux discretiz-

ing separately can be written as follows.

1

J

dQ

dt
+R = 0 (2.70)

Then, the left-hand side of the equation can be a combination of matrices by the

LU-SGS method as follows.

(LD−1U)△Qn
i,j = −Rn

i,j (2.71)

Where,

L =
1

J△t
+D−

ξ A
+ +D−

η B
+ −A− −B−

D =
1

J△t
+A+ −A− +B+ −B−

U =
1

J△t
+D+

ξ A
− +D+

η B
− −A+ −B+

(2.72)

The flux Jacobian Matrices (A, B) can be split to yield diagonal dominance as Equa-

tions (2.73) and (2.74).

A± =
1

2
[A± ρ(A)I] =

1

2
[A± kmax

∣∣∣∣λi(A)

J

∣∣∣∣I] (2.73)

B± =
1

2
[A± ρ(B)I] =

1

2
[A± kmax

∣∣∣∣λi(B)

J

∣∣∣∣I] (2.74)
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with, 1.01 ≤ k ≤ 1.05.

The Equations (2.73) and (2.74) are the approximate Jacobian matrix and using it,

the term inside Equation (2.71) can be simplified as follows.

1

J△t
+ (A+ −A−)ij + (B+ −B−)ij = [

1

J△t
+ ρ(A) + ρ(B)]I (2.75)

Then, the final form of LU-SGS (Equation (2.75)) is expressed in Equation (2.76)

and Equation (2.77).

[
1

J△t
+ ρ(A) + ρ(B)]△Q∗

ij

∼= −Rij +A∗
i−1,j△Qi−1,j +B+

i,j−1△Qi,j−1

= LSij

(2.76)

[
1

J△t
+ ρ(A) + ρ(B)]△Qi,j

∼= −LSijD +A−
i+1,j△Qi+1,j +B−

i,j+1△Qi,j+1

(2.77)

B. Dual time stepping (DTS)

In order to analyze the initial shock wave moving over time, the flow inside the

test-section and the pressure change in the vacuum chamber, unsteady flow analysis is

required. For unsteady flow analysis, a dual-time stepping method, that can improve

time accuracy by performing repeated calculations for each physical time step using

pseudo-time stepping, is used. In the present study, a dual-time stepping method with

second-order accuracy for time is used. In the governing equation, the flux vectors E,

F , EV , FV , H , HV , and S are expressed as residual (R), and the derivative of time

is differentiated by the second-order backward implicit formula and then moved to the

right side as follows.
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0 = −
1.5Qn+1 − 2Qn + 0.5Qn−1

J△t
− R̂n+1 (2.78)

Using pseudo time (τ ), add the derivative of Q to the left side of Equation (2.78).

1

J

∂Qn+1

∂τ
= −

1.5Qn+1 − 2Qn + 0.5Qn−1

J△t
− R̂n+1 = −Ŝn+1 − R̂n+1 (2.79)

Differentiate the time derivative for the pseudo time with the first-order Euler im-

plicit formula.

1

J

Qn+1,m+1 −Qn+1,m

△τ
= −R̂n+1,m+1 − Ŝn+1,m+1 (2.80)

Where subscript m is iteration in Pseudo time. Then, the final formula of the dual

time stepping method is written in Equation (2.81).

 1

J△τ
+


∂R̂

∂Q
+

∂Ŝ

∂Q


n+1,m△Qn+1,m = −R̂n+1,m − Ŝn+1,m (2.81)

C. Local time stepping

A representative method for time-efficiently obtaining a steady-state solution is lo-

cal time stepping. It updates each cell using individual time steps to accelerate con-

vergence time. The time step for steady solution (or Psuedo time step in DTS) in the

governing equation is based only on the convection and diffusion time step, and it

is formed by the spectral radius of the flux Jacobians of the linearized Navier-stokes

equations.
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1

J

∂Q

∂t
+A

∂Q

∂ξ
+B

∂Q

∂η
= C

∂2Q

∂ξ2
+D

∂2Q

∂η2
+ E

∂2Q

∂ξ∂η
(2.82)

In the linearized Navier-stokes equation (Equation (2.82)), A and B are the invis-

cid (Euler) flux Jacobians, and C, D, and E are the viscous flux Jacobian. Then, the

individual time step(Δt) is calculated as the Equation (2.83).

1

△t
=

1

△tconvective
+

1

△tdiffusion
(2.83)

Where,

△tconvective =
CFL

ρ(A) + ρ(B)
(2.84)

△tdiffusion =
1

4

CFL

ρ(C) + ρ(D) + ρ(E)
(2.85)

Here, CFL is the Courant number, and each term is defined as follows.

ρ(A) = λξ = |uξx + vξy|+ c
√
ξ2x + ξ2y (2.86)

ρ(B) = λη = |vηx + uηy|+ c
√

η2x + η2y (2.87)

ρ(C) = (λd)ξ =
1

Rec

γµ

ρPr
(ξ2x + ξ2y) (2.88)

ρ(D) = (λd)η =
1

Rec

γµ

ρPr
(η2x + η2y) (2.89)

ρ(E) = (λd)ξη =
1

Rec

1

ρ

[
(λ+ 3µ)(ξxηx + ξyηy) + (λ+ µ)

√
(ξ2x + ξ2y)(η

2
x + η2y)

]
(2.90)
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2.4 Boundary Conditions

2.4.1 Wall boundary conditions

Constant temperature wall boundary condition and adiabatic wall boundary condi-

tion are used to analyze various arc-heated wind tunnels. Both boundary conditions are

no-slip conditions, and the wall pressure is calculated as equal to the pressure inside

the boundary layer.

A. Constant temperature wall

Inside an arc-heated wind tunnel, the flow temperature is very high, and since the

temperature rise rate by the shock wave is also large, various cooling methods are used

to protect the wall from ablation. In numerical analysis, constant wall temperature is

used as one of the wall boundary conditions to simulate it.

The wall temperature of the arc heater is set to 1,000 K considering the melting point

of the material, and the wall temperature of other components such as the nozzle, test-

section, and diffuser is set to 300 K. When the heater and the nozzle are analyzed

together, numerical instability occurs because the wall temperature rapidly decreases

from 1,000 K to 300 K. Therefore, for numerical stability, the wall temperature at

position x between the heater and the nozzle is given by Equation (2.91). Using the

equation, the wall temperature is calculated from 1,000 K to 300 K depending on the

distance.

Twall(x) = Theater wall −
Theater wall − Tnozzle wall

xheater − xnozzle
(x− xheater) (2.91)
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B. Adiabatic wall

In the case of a device without a cooling effect such as an experimental model, the

adiabatic wall boundary condition is used. The adiabatic wall boundary condition is

satisfying Equation (2.92) conditions, which means there is no temperature gradient

between the flow and the wall.

∂T

∂n


wall

= 0 (2.92)
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2.4.2 Inflow conditions

Inflow boundary conditions are required when analyzing each device with inflow,

such as the nozzle, test-section, and diffuser. In the present study, two types of inflow

conditions can be used: the general inflow condition, which assumes that the inflow is

a uniform flow, and the inflow condition which saved flow information of upstream.

A. General inflow condition

For the general inflow condition, which assumes that the inflow is uniform, the

boundary can be given with three user inputs: pressure, temperature, and velocity or

mass flow. If the mass flow rate is set as the inflow condition, the axial velocity is

calculated for each cell using the specific density calculated by the area of the inflow

boundary condition cells. The specific density is calculated by input pressure and tem-

perature.

B. Inflow condition from CFD solution

The inflow condition using the analysis information of the upstream component

is useful to understand the performance or analyze the characteristics by changing the

downstream condition under the same inflow condition. For example, the diffuser anal-

ysis is performed for various configurations and back pressure conditions for diffuser

design, it is inefficient to perform numerical analysis with the same nozzle. Therefore,

the calculation time can be greatly reduced by performing the nozzle-only analysis

separately, saving the exit flow information, and then using it as the inflow condition

of the diffuser analysis. Figure 2.8 shows this inflow condition for better understand-

ing. In this case, the shape and grid of both devices must be the same.
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2.4.3 Outflow conditions

A. Supersonic/hypersonic outflow condition

In the numerical analysis of the components in the arc-heated wind tunnel, except

for the pressure recovery system (nozzle, test section, etc.), the outflow is supersonic

and hypersonic. Therefore, an outflow boundary condition obtained by extrapolating

the values of the inner computational domain is used.

B. Constant pressure outflow condition

During the actual operation of the arc-heated wind tunnel, the experimental flow

passes through each component and flows into the vacuum chamber, and the pressure

in the back gradually increases with time. When the steady state solution is obtained

for a specific time during device operation, the constant pressure outflow condition

must be used to simulate it. The constant pressure outflow condition performs analysis

by assigning constant back pressure of user input only to the pressure value to the

value obtained by extrapolating the inner cells.

2.4.4 Axisymmetric boundary condition

As the axial boundary condition, the axisymmetric boundary condition is used. This

boundary condition gives only the opposite velocity component in the radial direction

to the value of the inner computational cell so that there is no flux gradient in the radial

direction from the axis.
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2.4.5 Injection boundary condition

Among the components of the arc-heated wind tunnel, the working gas is injected

through the arc heater through the gap between the constrictor disks or between the

electrodes, and when there is a plenum mixing chamber or ejector, additional mass

flow flows into the wind tunnel. To simulate this, an injection boundary condition is

required. For the gas injection boundary, the amount of injection mass flow rate and

the direction is set at the user input. As the gap and diameter of the injection holes

are known, each injection area can be calculated, and the velocity of the injected air

also can be calculated using Equations (2.93) and (2.94) derived from the definition of

mass flow rate. Then, the injected air velocity is used as the boundary condition of the

injection hole, and the other flow values are the same as the wall boundary condition.

u =
ṁinject

ρAinject
n⃗x,inject (2.93)

v =
ṁinject

ρAinject
n⃗y,inject (2.94)
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2.5 Validation and Verification

ARCFLO4 code validation was performed by analyzing various arc heaters. [43]

However, before proceeding with the study, to verify the high-pressure and high-

temperature arc flow analysis, the analysis is performed for a representative small

heater and large heater respectively. In addition, the present study needs to analyze

a hypersonic arc-heated wind tunnel, and the accuracy of the analysis program in the

hypersonic region should be validated and verified. Therefore, a flow analysis of noz-

zles in arc-heated scramjet test facility (AHSTF) [5] is performed.

2.5.1 High pressure and high temperature arc flow

JAXA 0.75MW heater and NASA Ames 20 MW AHF heater analysis are per-

formed, and verification is performed by comparing the experimental values with the

numerical results.

A. JAXA 0.75 MW heater

The configuration, analysis condition, and experimental results of the JAXA 0.75

MW heater are same as those used by Sakai et al. [44] and Lee et al. [45]. Among

many analysis cases, analysis was performed for three cases of the mass flow rate of

10, 16, and 20g/s with current 300 A. Four variables, the total pressure in chamber, arc-

voltage, mass averaged enthalpy at nozzle throat, and efficiency, are compared with the

experimental values, and the results are shown in Figure 2.9. The results are in good

agreement with the experimental values without significant differences.
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(a) Chamber pressure

(b) Arc-voltage

Figure 2.9: JAXA 0.75 MW heater results(Cont.)
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(c) Mass averaged enthalpy

(d) Efficiency

Figure 2.9: JAXA 0.75 MW heater results
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B. NASA Ames 20 MW AHF heater

The configuration, analysis condition, and experimental results of the NASA Ames

20MW AHF heater are the same as those used by Kim. [43] Among the analysis con-

ditions, analysis was performed for four cases of mass flow rate 0.05, 0.15, 0.35, and

0.45 kg/s with current 1,600 A. Four variables, chamber total pressure, arc-voltage,

mass averaged enthalpy at nozzle throat, and efficiency, are compared with the experi-

mental values, and the results are shown in Figure 2.10. As a result of the comparison,

the results are in good agreement without significant differences.
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(a) Chamber pressure

(b) Arc-voltage

Figure 2.10: 20 MW AHF heater results(Cont.)
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(c) Mass averaged enthalpy

(d) Efficiency

Figure 2.10: 20 MW AHF heater results
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2.5.2 Supersonic/Hypersonic flow

Flow analysis of nozzles with exit Mach numbers 4.9 and 6 was performed. The

configuration and analysis conditions of the nozzle have been presented, [5,46] and are

summarized in Tables 2.1 and 2.2. The results of the pressure and temperature at the

nozzle exit are shown in Figure 2.11. On comparing the results with the experimental

values, the averaged exit pressure and temperature showed an error range of 2.6–13.3

% and 7.3–14.5 %, respectively. In addition, the three turbulence models were within

0.007 % for temperature and 0.09 % for pressure; this difference is not significant.

The difference between experimental and CFD results can be attributed to the as-

sumption of an equilibrium flow in the nozzle. It is generally known that the non-

equilibrium effect increases inside the nozzle; [21] Therefore, the difference between

the analysis results and experimental values is inevitable. In addition, the error value

of the M6 nozzle, which increases the non-equilibrium effect due to the high-speed

flow, is larger than that of the M4 nozzle. However, despite this difference, the code

was used in this study because the computation time is more efficient than those of

non-equilibrium analysis code, and getting a solution in a short time is important for

the initial design.

Table 2.1: Configuration information of AHSTF nozzles

Nozzle Case Exit Mach Number Throat Area, m2 Effective Area, m2

M4.9 Nozzle 4.9 2.45×10−3 67.1×10−3

M6 Nozzle 6.0 0.89×10−3 67.1×10−3
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(a) Averaged pressure

(b) Averaged temperature

Figure 2.11: NASA AHSTF supersonic/hypersonic nozzle exit results
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CHAPTER 3. NUMERICAL ANALYSIS AND

INVESTIGATION

In Chapter 3, numerical analysis and investigation are performed on an arc-heater

with plenum mixing chamber and diffusers of an arc-heated wind tunnel. In section

3.1, a numerical study is conducted on a plenum mixing chamber with a heater noz-

zle that can secure the stability of arc plasma in the preliminary design and initial

construction. In section 3.2, the numerical study of the various types of diffusers is

performed. The numerical analysis on a center-body diffuser and second throat cylin-

drical diffuser, under the same arc-heated facility condition, is performed, and their

characteristics are identified. Through numerical analysis of diffusers, a novel diffuser

configuration that compensates for the disadvantages of existing diffusers is proposed,

and through performance evaluation, it was confirmed that the novel diffuser can alle-

viate the requirements of the vacuum system behind the diffuser.

In this chapter, as a variable to identify the characteristics of the wind tunnel, the

flow physical quantity (ϕ) is mass averaged and represented. The averaged values are

weighted by the mass flow rate because it is conserved inside an arc-heater wind tun-

nel, and it clearly shows the tendency of the physical phenomenon along the axial

direction. The averaging equation is shown below.

ϕavg =
1∫

ρudA

∫
ϕρudA =

1

ṁ

∫
ϕρudA (3.1)
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3.1 Plenum Mixing Chamber with a Heater Nozzle

3.1.1 Arc-heater and plenum mixing chamber

Most studies on arc-heaters have already been performed: such as, a study on char-

acterization using arc-heater flow analysis [18, 43], heater sizing study using scaling

study [14, 47], empirical and experimental research on arc-heater [48], and arc-heater

design and manufacturing research using CFD. [11] In the present study, a heater with

plenum mixing chamber (PM) is numerically analyzed, and the reservoir flow charac-

teristics of the arc-heated wind tunnel with PM are studied.

The plenum mixing chamber (PM) of an arc-heater is located behind the arc-heater

and in front of the nozzle as shown in Figure 3.1, and its shape varies. The PM is a de-

vice making the temperature distribution of the high-temperature flow generated by the

heater uniformly in the radial direction, and it lowers the enthalpy of the experimental

flow by injecting additional mass flow. By adding the PM, the operating envelope of

the heater is widened, and representative examples of PM are the plenum chamber of

NASA’s Langley AHSTF [49] and stilling chamber of AEDC’s H-series [50, 51].

Figure 3.1: Schematic of an arc-heater with plenum mixing chamber
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3.1.2 Plenum mixing chamber with heater nozzle

The additional mass flow of room-temperature gas into the plenum mixing cham-

ber can lower the enthalpy of the experimental flow; thus, the operating range of the

facility can be extended. If both the flow inside the heater and the PM are subsonic,

additional flow injection may affect the upstream causing disturbances to arc-plasma

inside the heater. As a result, the reservoir condition can be unstable, and this may

cause a decrease in the reliability of experimental results.

In the present study, the concept of a heater nozzle, shown in Figure 3.2, is adapted

to separate the heater and plenum mixing chamber flow. The high-temperature flow of

an arc-heated facility is generated by discharge inside an arc-heater after making all

components are vacuum state; therefore, a method to prevent the additional working

gas flows into the heater from disrupting arc-plasma starting is required. Moreover,

the disturbance of arc-plasma should be prevented by the change of the working gas

injected into the PM during an experiment. Therefore, to ensure a stable arc-plasma

state by generating flow choking between the arc-heater and the PM, a heater nozzle is

used. To verify the role of the heater nozzle, a numerical study on a general PM case

in which the internal flow of the heater and the PM is subsonic and PM with heater

nozzle is performed.

Figure 3.2: Schematic of an arc-heater with plenum mixing chamber and heater nozzle
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A. Configuration and analysis condition

Figure 3.3 shows the computational domain including the configuration, grid, and

boundary conditions for the general PM case. Figure 3.4 shows the configuration and

computational domain when the heater and PM are choked. The specification and anal-

ysis conditions of the two cases are summarized in Table 3.1.

(a) Configuration

(b) Grids and boundary conditions

Figure 3.3: General PM configuration and computational domain

(a) Configuration

(b) Grids and boundary conditions

Figure 3.4: PM with heater nozzle configuration and computational domain
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Table 3.1: Specification and analysis condition of the PM

Specifications (unit:cm)

Heater Plenum Mixing Chamber

Dcathode Danode Lheater DPM LPM

9.5 5.8 248 25 80

Heater Nozzle Main Nozzle

D∗
heater Dheaternoz D∗

noz Dexit Lnoz

2.0 17 6.3 28 52

Analysis Condition

Current, A
Mass Flow Rate, kg/s

Heater Plenum Mixing Chamber

2,200 1.0 4.0

B. Results and analysis

Flow analysis of both the general case (i.e., without choking case) and the PM with

heater nozzle case (i.e., choking case) are performed. Figure 3.5 shows the pressure

contours and averaged pressure of the two cases. In the PM with heater nozzle case,

the pressure inside the heater is higher than that of the general PM by the choking

effect at the heater nozzle throat; whereas in the general case, the pressure of the heater

and the PM was kept similar to about 16-18 atm. In temperature comparison, shown

in Figure 3.6, the shape, length, and center temperature of the arc created inside the

heater are similar in both cases. However, when there is no flow choking, the heated

flow from the heater expands relatively less in the PM and maintains the temperature,

and it is confirmed that the average temperature inside the chamber is 1500 K, which

is higher than 1000 K of the choking case. Figure 3.7 shows the Mach number contour

and averaged Mach number. In the general case, choking occurs at the main nozzle

throat, and the flow velocity of the heater and plenum mixing chamber is maintained
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in subsonic.

In order to analyze the mixing of high-temperature air heated by the heater and ad-

ditional room-temperature gas injected into the PM, Figure 3.8 compares the radial

temperature distributions for each position inside the chambers of the two cases. In the

case where flow choking occurs, the high-temperature gas expands supersonic by the

heater nozzle, and the flow temperature decreases from the entrance of the chamber

(Figure 3.8a), and the central temperature is lower than in the general case at all loca-

tions. In Figures 3.8b, 3.8c, and 3.8d, an additional injected air region forms near the

wall and mixes with the high-temperature gas, and in both cases the core temperature

gradually decreases. The flow temperature of the additional gas area near the wall is

higher in the general case because as the high-temperature gas in the choked case is

supersonic, the difference in momentum with the injected air is large, so heat transfer

occurs actively to the low-temperature injected gas. Therefore, in Figures 3.8e, 3.8f,

and 3.8g, which is the rear part of the plenum mixing chamber, the PM with heater noz-

zle case completes the mixing of the additional low enthalpy air and high enthalpy air,

resulting in uniform temperature distribution, while the general case (without chok-

ing), the center temperature remains high, and it can be seen that the mixing of the

two flows is not completely achieved inside the chamber. Figure 3.8h, which is the

temperature distribution in the radial direction at the main nozzle throat, also shows

that the temperature distribution in the general case is nonuniform.
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Figure 3.5: Pressure results of two PM cases
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Figure 3.6: Temperature results of two PM cases
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Figure 3.7: Mach number results of two PM cases
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(a) x=270(Injection area)

(b) x=280

Figure 3.8: Radial temperature distributions along the axis (Cont.)
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(c) x=290

(d) x=300

Figure 3.8: Radial temperature distributions along the axis (Cont.)
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(e) x=310

(f) x=320

Figure 3.8: Radial temperature distributions along the axis (Cont.)
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(g) x=330

(h) x=340(Main nozzle throat)

Figure 3.8: Radial temperature distributions along the axis
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C. Loss in the heater nozzle

When using the heater nozzle, the high-temperature main flow generated by the arc-

heater accelerates and expands to supersonic flow, resulting in total pressure loss and

enthalpy loss of the main flow. To grasp the amount of flow loss by the heater nozzle,

the total pressure is compared with the case without a heater nozzle and shown in Fig-

ure 3.9. In the case of a heater nozzle, the total pressure ratio of the plenum mixing

chamber and the heater (P0,PM /P0,heater) was 0.28, resulting in a total pressure loss

of 72 %, while the total pressure ratio of ‘general case (i.e., no choking case)’ was

0.9, confirming that the loss 10 % occurred. Because the total pressure of the reser-

voir performing the experiment is the total pressure of the plenum mixing chamber,

through the total pressure ratio of the two cases (P0,PMheater noz/P0,PMgeneral), it can be

confirmed that about 30 % of the reservoir total pressure loss occurs when there is a

heater nozzle.
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Figure 3.9: Total pressure results of two PM cases
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3.1.3 Results and analysis depending on additional injection flow rate

and direction

In order to confirm that there is no change in the heater flow when the flow changes

in the plenum mixing chamber as intended by the configuration design of the heater

nozzle, the mass flow rate and injection direction of the additional injection into the

chamber were different from the base case and the analysis is performed. A total of

four cases of information are summarized in Table 3.2.

Table 3.2: Case information of additional injection

Case Name Mass Flow Rate,kg/s Inject Direction

Base 4.0 Radial Direction

Axial Injection 4.0 Axial Direction

PM MFR1 1.0 Radial Direction

PM MFR2 2.5 Radial Direction

The temperature and streamlines of each case are shown in Figure 3.10. In the base

case of Figure 3.10a, the low-enthalpy flow meets the high-velocity high-enthalpy flow,

and momentum direction change occurred, creating a circulation region. Meanwhile,

in the axial inject case, the momentum direction of the high-speed heater flow and

the additional injection flow are the same, so there is no circulation area in the mix-

ing chamber. In addition, comparing the temperature contours of the two cases, it is

judged that the low enthalpy flow is not used for mixing as much as the area shown in

Figure 3.10b and flowed to the back of the mixing chamber and is not mixed with the

high-temperature flow as much as the base case. In Figures 3.10c and 3.10d, where the

additional gas injected into the chamber is smaller than that of the base case, the tem-

perature inside the mixing chamber increased as the mass flow rate of the low enthalpy
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flow decreased. The pressure inside the chamber of the PM MFR 1 case is 5 atm, and

the PM MFR 2 case is 10 atm.

Figure 3.11 is the radial direction temperature distribution according to the location

in the mixing chamber of each case. In the base case, it is confirmed that the low-

enthalpy flow region from the wall to the radial direction occupied a larger portion than

the axial inject case, and the temperature distribution became uniform. The average

temperature at the end of PM inside the chamber of the base case is about 100 K lower

than that of the axial injector.

Meanwhile, the flow and performance of the heater are the same in all cases due to

choking between the heater and the mixing plenum chamber. In Figure 3.12, which

shows the temperature distribution in the radial direction inside the heater in all cases,

and Table 3.3, which summarizes the variables representing the performance, it can

be seen that the inside of the heater is not affected even if the flow in the chamber

changes.

Table 3.3: Heater performaces for all cases

Arc Voltage Pressure Mass-averaged entahlpy
Efficiency

[V] [atm] [MJ/kg]

Base 4,114 45 7.2 0.3

Axial Injection 4,115 45 7.2 0.3

PM MFR1 4,113 45 7.2 0.3

PM MFR2 4,114 45 7.2 0.3
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(a) Base case

(b) Axial injection case

Figure 3.10: Temperature and streamlines inside the PM (Cont.)
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(c) PM MFR1 case

(d) PM MFR2 case

Figure 3.10: Temperature and streamlines inside the PM
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(a) Heater nozzle exit

(b) Additional injection area

Figure 3.11: Radial temperature distributions of various inject cases (Cont.)
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(c) Center of the PM

(d) End of the PM

Figure 3.11: Radial temperature distributions of various inject cases
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(a) Radial distribution results location inside the heater

(b) Heater location 1

Figure 3.12: Radial temperature distributions inside the heater (Cont.)
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(c) Heater location 2

(d) Heater location 3

Figure 3.12: Radial temperature distributions inside the heater
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3.1.4 Parametric study on heater nozzle

Since the flow loss by the heater nozzle is caused by the high-temperature main

flow expanding to supersonic flow, it is expected that the flow loss will decrease if

the exit Mach number of the heater nozzle is lowered. Methods of lowering the exit

Mach number include: first, reducing the nozzle exit area, second, increasing the noz-

zle throat area. Therefore, using the heater nozzle configuration in the previous section

as the base case, a parametric study is performed on case 1 in which the nozzle exit

area is reduced, case 2 in which the nozzle throat area is increased, and case 3 in which

the nozzle exit area is reduced and the nozzle throat area is increased. Only the throat

and exit diameters of the heater nozzle are changed based, and the nozzle throat area

and nozzle exit area information for each case are summarized in Table 3.4.

Table 3.4: Case information of heater nozzles

Base Case 1 Case 2 Case 3

D∗ [cm] 2.0 2.0 2.83 2.83

Aexit/A
∗ 8.27 4.13 4.13 2.07

The averaged total pressure results for each case are shown in Figure 3.13. The

heater total pressure of base and case 1 with the same heater nozzle throat area is 45.0

atm, case 2 and case 3 are 22.7 atm, and the ‘general case (i.e., no choking case)’

where the heater nozzle does not exist is 18.4 atm. To compare the total pressure loss

by the heater nozzle, the ratio of the plenum mixing chamber to the heater pressure

(P0,PM /P0,heater) and the total pressure ratio of each case to the total pressure of the

plenum mixing chamber in the ‘no choking case’ (P0,PMcases/P0,PMno choking) are sum-

marized in Table 3.5. The total pressure loss by the heater nozzle was about 0.3 in Base

and Case 1, resulting in a loss of 70 %, and Case 2 and Case 3, which had the heater

nozzle throat area twice as large, was about 0.6, resulting in a total pressure loss of
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about 40 %. There was no significant difference in total pressure loss in cases where

the exit area of the heater nozzle was reduced while having the same throat area. The

total pressure ratio of plenum mixing chamber based on the general case was 0.82 in

the case 3, which has the largest heater nozzle throat area and smallest nozzle exit area,

and the ratio was 0.05 (5 %) larger than the base case.

Figure 3.13: Averaged total pressure results of heater nozzle parametric study
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Table 3.5: Total pressure and ratio of parametric study

Base General Case 1 Case 2 Case 3

Heater pressure, atm 45.0 18.4 45.0 22.7 22.7

PM pressure, atm 12.7 16.4 13.0 13.3 13.4

P0,PM /P0,heater 0.28 0.89 0.29 0.59 0.59

P0,PM /P0,general 0.7 1.0 0.79 0.81 0.82

A cooling system for the heater and nozzle wall is essential to prevent damage

caused by the high enthalpy flow generated in the arc-heater, and melting and abla-

tion of the nozzle throat is severe where heat is concentrated. As heat flux prediction

to the wall is required for cooling system design, the heat flux at the heater nozzle

throat where the maximum heat flux occurs is calculated for each case and shown in

Figure 3.14. The maximum heat flux of the base case is 2.91 kW/cm2, and the heat

flux of the general case (i.e., no-choking case) is 1.49 kW/cm2 in the same location.

The heat flux at the nozzle throat decreased as the nozzle throat area increased.

Through the parametric study, it was confirmed that increasing the heater nozzle

throat area is more efficient than decreasing the nozzle exit area in terms of maximum

heat flux and flow loss; while the mixing length remains almost same as shown in

Figure 3.15.
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Figure 3.14: Heat flux at the heater nozzle throat

89



(a) x=310

(b) x=320

Figure 3.15: Radial temperature distributions of parametric study cases (Cont.)
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(c) x=330

(d) x=340

Figure 3.15: Radial temperature distributions of parametric study cases
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3.2 Diffusers in Various Types

3.2.1 General diffusers

There are two types of diffusers: second-throat cylindrical diffuser (Figure 3.16a)

and center-body diffuser (Figure 3.16a). They are the most common diffusers of an

arc-heated wind tunnel. The center-body type is used in the German Aerospace Center

(DLR) L2K and L3K facilities [52], and the second throat cylindrical type is used in

NASA Langley arc-heated facilities [5]. Related research on diffusers has been studied

for a long time, and the history of it is summarized by Miliigan et al. [53] However,

numerical study for each type of diffuser under the same heater and nozzle conditions

has not been conducted. Therefore, in the present study, each type of diffuser analysis

is performed using the same flow conditions, and each feature is analyzed to identify

its strengths and weaknesses.

(a) A second throat cylindrical diffuser

(b) A center-body diffuser

Figure 3.16: Configuration of general diffusers
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A. Configuration and analysis conditions

For the comparison of the two cases, the flow was analyzed after fixing the shape

of the convergence, throat, and divergent section of the diffuser. The configuration

information of the diffusers is summarized in Figure 3.16 and Table 3.6.

The computational domain and grids are shown in Figure 3.17. To understand the

flow characteristics of diffusers, flow analysis was performed on the second throat dif-

fuser and a center-body diffuser with the same analysis conditions. For inflow condi-

tions, the M6 Nozzle1 exit condition in the validation and verification section (Section

2.5 in the present study) is used, and the back pressure for each diffuser is set to 6 kPa.

Table 3.6: Specification of diffusers

Catch Cone
Lc [m] 1.0

Din [m] 1.2

Convergent Part αd [◦] 10.0

Throat
Ain/Ath 2.25

Lth/Dth 10.0

Divergent Part
βd [◦] 6.0

Dout [m] 2.0

Center-Body

LCB [m] 8.9

DCB [m] 0.16

αCB [◦] 10.0

βCB [◦] 10.0

DCB/Dth 0.2
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B. Results and analysis

For comparison of the two diffusers in the converging section, the static pressure

contour and averaged total pressure results are shown in Figure 3.18, and the pressure,

Mach number, and temperature along the axis are shown in Figure 3.19. As shown in

Figure 3.19c, the Mach number 6 flow expands and accelerates to about Mach num-

ber 9 through the test section and enters the diffuser inlet. In the case of the second

throat cylindrical diffuser, the hypersonic flow meets the diffuser inlet and generates

the first oblique shock wave, and subsequently creates several oblique shocks (a shock

train), decelerating and compressing the flow. By contrast, in the case of the center-

body diffuser, a double oblique shock wave is generated at the inlet as the accelerated

hypersonic flow meets both the diffuser inlet and the center body. Thereafter, a strong

shock–shock interaction occurs among generated shock waves, and owing to these

multiple shock waves, the deceleration and compression ratios were relatively higher

than those of the general second throat diffuser. Especially, as shown in Figure 3.18,

most of the total pressure, approximately 97 %, is lost in the converging section of both

diffusers, because the strong oblique shock waves are generated by hypersonic flow.

In particular, the total pressure loss of the center-body diffuser occurs more larger

and rapidly owing to the multiple strong oblique shock waves. Under the same back

pressure, the bigger total pressure loss moves the location of the terminal shock wave

toward diffuser inlet, and at more higher back pressure, the terminal shock wave can

escape from the diffuser making experiment impossible. Therefore, the center-body

diffuser with large total pressure loss due to the multiple shock waves at the inlet is

disadvantageous in maximum efficiency, which is proven in the performance evalua-

tion of diffusers section.

In the throat of the diffusers, the oblique shock wave generated from the inlet is re-

flected to the diffuser wall or center-body, generating the shock train, which decreased

the flow Mach number and increased the static pressure and temperature as shown

in Figure 3.20. In the case of the center-body diffuser, an additional shock wave is
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generated by the body, and the shock wave generated on the wall is reflected by the

center body at a short distance. Thus, it is confirmed that the static pressure and tem-

perature increase rate according to the length are relatively higher than those of the

second throat cylindrical diffuser as shown in Figures 3.21a and 3.21b. However, be-

cause of the multiple oblique shock waves, the total pressure loss was higher than that

of the general second throat diffuser as shown in Figure 3.19. At the same back pres-

sure, due to the higher total pressure loss, the terminal shock wave in the center-body

diffuser was generated inside the diffuser throat while the terminal shock of general

second throat diffuser was located after the diffuser throat. In addition, when the ter-

minal shock is generated inside the diffuser throat, the supersonic flow is reduced to

a subsonic flow, flowing into the diverging section while being slightly expanded and

cooled as shown in Figures 3.21a and 3.21c. This is because the boundary layer made

effective area smaller along the diffuser throat.

The flow entering the diverging section is typically reduced to a subsonic flow

through the terminal shock wave in the diffuser throat. This subsonic flow compressed

to a back pressure as it flowed along the diverging angle, and with the same diverging

configuration there is no significant difference between the two diffusers. As shown in

Figures 3.22 and 3.23, in the diverging section, the total pressure loss is less than that

in the converging and throat section of the diffuser, which is supersonic regions, and

the total pressure is sustained at the back-pressure level. In addition, as shown in Fig-

ure 3.22, when the terminal shock is generated at the throat exit, that is, the diverging

section inlet, the adverse pressure gradient near the wall due to the terminal shock be-

comes severe, causing flow separation, which affects the deceleration and compression

at the diverging section.
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Figure 3.18: Pressure contour and averaged total pressure of converging section
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(a) Static pressure

(b) Wall pressure

Figure 3.19: Averaged results along the converging section axis(Cont.)
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(c) Mach number

(d) Static temperature

Figure 3.19: Averaged results along the converging section axis
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Figure 3.20: Pressure contour and averaged total pressure of throat section
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(a) Static pressure

(b) Wall pressure

Figure 3.21: Averaged results along the throat section axis(Cont.)
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(c) Mach number

(d) Static temperature

Figure 3.21: Averaged results along the throat section axis
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Figure 3.22: Pressure contour and averaged total pressure of diverging section
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(a) Static pressure

(b) Wall pressure

Figure 3.23: Averaged results along the diverging section axis(Cont.)
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(c) Mach number

(d) Static temperature

Figure 3.23: Averaged results along the diverging section axis

105



3.2.2 A novel diffuser

A. Configuration of a novel diffuser

The center-body diffuser uses multiple strong shock waves to increase the static

pressure in a short length. However, the total pressure loss due to these shock waves is

larger than that of the second throat cylindrical diffuser, as shown in Figure 3.18; thus,

the maximum back pressure that can be operated normally is lowered. Therefore, this

study proposes a novel diffuser shape, as shown in Figure 3.24. This diffuser locates

a center-body in the subsonic region (divergent section) such that there is no total

pressure loss due to shock waves. Moreover, this configuration has a wider cooling

area than the cylindrical diffuser, thus lowering the flow exit temperature. To compare

the diffusers, the center-body was placed in the divergent section of the second throat

cylindrical diffuser. The specific configuration of the novel diffuser is summarized in

Table 3.7.

Figure 3.24: Configuration of a novel diffuser

Table 3.7: Specification of the novel diffuser

Center-Body

Lin to CB [m] 11.63

LCB [m] 5.2

DCB [m] 0.16

αCB [◦] 10

β [◦] 10
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B. Results and analysis

The static pressure contour results showing the shock train and terminal shock lo-

cation according to various back pressures of the novel diffuser are shown in Figure

3.25, and the pressure, temperature, and Mach number along the axis are shown in

Figure 3.26. The configuration of the novel diffuser is identical to that of the diffuser

shown in Figure 3.16a, except for the center-body in the diverging part. Therefore, the

flow structure and variables from the nozzle exit to the throat exit (hypersonic region)

are identical to that of the second throat cylindrical diffuser. Moreover, because of the

identical shock train, the amount of the total pressure loss is the same, and the range of

the operable back pressure and the location of the terminal shock wave exhibit similar

patterns.

Figure 3.25: Pressure contours of the novel diffuser in various back pressures
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(a) Static pressure

(b) Wall pressure

Figure 3.26: Averaged results along the novel diffuser axis(Cont.)
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(c) Mach number

(d) Static temperature

Figure 3.26: Averaged results along the novel diffuser axis
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3.2.3 Performance evaluation of diffusers

An efficient diffuser can reduce the test cost by increasing the experiment time and

alleviating the vacuum requirements. Generally, the efficiency of a diffuser is evalu-

ated by the diffuser pressure ratio. [12, 54, 55]; Therefore, to evaluate the maximum

efficiency of each diffuser, the back pressure was varied from 5 kPa (Pbp/Pnozzle exit =

2.74) to 8 kPa (Pbp/Pnozzle exit = 4.4) with a step size of 1 kPa. In addition, the dif-

fuser exit temperature and enthalpy were used as performance evaluation variables,

because a low exit temperature and a low enthalpy are advantageous for reducing the

installation and testing costs of the heat exchanger. The diffuser exit velocity and the

deceleration rate in the diffuser were also compared as the efficiency of the mechanical

device after the diffuser varies depending on the flow velocity.

A. Efficiency

The supersonic or hypersonic diffuser efficiency(η) is given by Equation (3.2). [55]

η =
DiffuserPressureRatio

NormalShockPressureRatio
=

P0,exit/P0,in

P02/P01
(3.2)

In the Equation (3.2), P01 is the upstream total pressure before the normal shock

wave, so it can be assumed to be the same value as the diffuser inlet flow (Po,in). The

total pressure at the exit(P0,exit) can be approximated by the back pressure(Pb) because

the flow is decelerated to a low Mach number at the diffuser exit. Therefore, Equation

(3.2) can be simplified to Equation (3.3). According to Equation (3.3), a diffuser with

high efficiency can operate up to a high back pressure (Pb) under the same upstream

conditions.

η =
P0,exit/P0,in

P02/P01
≈

P0,exit

P02
≈

Pb

P02
(3.3)
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In the present study, numerical analysis of the back pressure was performed to com-

pare the efficiency of each diffuser. The wall pressure results for each value of back

pressure are shown in Figure 3.27, and the final shock locations are summarized in Ta-

ble 3.8. The static pressure of the center-body diffuser increased in a relatively shorter

length as compared to the other diffusers (Figure 3.27). However, the center-body dif-

fuser generated a strong shock wave, which caused a large total pressure loss. As a

result, when the back pressure exceeded 7 kPa, the final shock wave emerged from

the diffuser throat as summarized in the Table 3.8. This shock wave affected the ex-

perimental flow, such as the pressure and Mach number inside the test section (see the

Figure 3.27d), making it impossible to operate the wind tunnel. By contrast, the second

throat cylindrical diffuser and the proposed diffuser generated the final shock wave in

the diffuser throat even at a back pressure of 8 kPa or higher, indicating that they could

be operated at a higher back pressure. Finally, when the flow with an average Mach

number of 9.1 entered the diffuser inlet, the maximum efficiency of the center-body

diffuser was 0.43, whereas the maximum efficiency of the second throat diffuser and

the proposed diffuser was 0.65.

Table 3.8: Location of the final shock wave

Back Pressure

Final Shock Location Written in L/D of Diffuser

(Diffuser Throat Start L/D=2.7)

Center-body Diffuser Cylindrical Diffuser Proposed Diffuser

5 kPa 12.0 12.6 12.6

6 kPa 7.7 12.4 12.4

7 kPa 3.4 11.8 11.8

8 kPa Not operable 7.2 7.1
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(a) Back pressure 5 kPa

(b) Back pressure 6 kPa

Figure 3.27: Averaged wall pressure of diffusers in various back pressure(Cont.)
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(c) Back pressure 7 kPa

(d) Back pressure 8 kPa

Figure 3.27: Averaged wall pressure of diffusers in various back pressure
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B. Temperature and enthalpy

The results of the average temperature along the axis are shown in Figure 3.28. In all

types of diffusers, the flow temperature is increased by the shock train and final shock

wave; after the final shock wave, the temperature showed a tendency to decrease due

to the cooling effect of the diffuser wall and center-body. In the case of the center-

body diffuser, the temperature increasement due to the shock train is higher than that

of the other two diffusers as the center-body diffuser has a short oblique shock reflec-

tion distance and strong oblique shock waves. Meanwhile, the flow temperature in the

second throat cylindrical diffuser and the proposed diffuser increased mostly due to

the final shock wave; then, the temperature decreased owing to the cooling effect of

the diffuser wall. In particular, in the divergent part of the proposed diffuser, the flow

was further cooled by the center-body and the temperature was relatively less than that

of the second throat cylindrical diffuser.

Moreover, the average temperature and enthalpy at the diffuser exit in all cases are

shown in Figure 3.29. Generally, the higher the back pressure, the stronger the terminal

shock wave is generated, and the temperature after the shock wave increases with the

back pressure as shown in the temperature results of the second throat diffuser and the

proposed diffuser. On the other hand, in the center-body diffuser, the exit temperature

and enthalpy tended to decrease as the back pressure increased. This is because as the

back pressure is higher in the center-body diffuser, the terminal shock wave moves to

the front part of the diffuser, and the increased flow temperature and enthalpy due to the

shock wave receive a larger area of cooling effect by both the center-body and diffuser

wall. The exit temperature and enthalpy for the proposed diffuser were low in all cases

as compared with the second throat diffuser, and both the temperature and enthalpy

difference between the two diffusers increased as the back pressure increased. For back

pressures of 5 and 6 kPa, the terminal shock wave was located in the divergent part;

thus, the cooling length at the center-body of the proposed type diffuser was shortened.

As a result, the temperature and enthalpy difference compared to the second throat
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diffuser was only 3 and 8 % for back pressures of 5 and 6 kPa, respectively. However,

for back pressures of 7 and 8 kPa, where the terminal shock wave was generated inside

the diffuser throat, the exit temperature and enthalpy difference were 11 %, showing

almost the same value in each case.
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(a) Back pressure 5 kPa

(b) Back pressure 6 kPa

Figure 3.28: Averaged temperature of diffusers in various back pressure(Cont.)
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(c) Back pressure 7 kPa

(d) Back pressure 8 kPa

Figure 3.28: Averaged temperature of diffusers in various back pressure
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(a) Averaged exit temperature

(b) Averaged exit enthalpy

Figure 3.29: Exit temperature and enthalpy of diffusers in various back pressure
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C. Exit velocity

The averaged exit velocity and the deceleration rate in the diverging section of each

case are shown in Figure 3.30. The deceleration rate in the diverging section was calcu-

lated using the diverging section inlet and exit velocity. Except in the case a with back

pressure of 8 kPa for which the center-body diffuser was not operable, the deceleration

rate in the diverging section was lowest for the center-body diffuser, followed by the

second throat cylindrical diffuser and then the proposed diffuser at each value of back

pressure. In the same diverging configuration, the deceleration rate of the center-body

diffuser was small because the flow passed through a strong shock wave in front of the

diffuser and flowed into the diverging section with the total pressure already reduced

to the back-pressure level. At each value of back pressure, the exit velocity and the

deceleration rate of the proposed and second throat cylindrical diffuser were almost

the same, but the deceleration rate of the proposed type diffuser was slightly larger.

This is because the flow temperature decreased due to the additional cooling effect by

the center-body at the same mass flow rate and back pressure. Another reason could

be the total pressure loss due to the friction of the center-body.
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(a) Averaged exit temperature

(b) Averaged exit enthalpy

Figure 3.30: Exit velocity and deceleration rate of diffusers in various back pressure
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CHAPTER 4. PREDICTING CORRELATION

USING MULTI-LAYER PERCEPTRON

There are two methods for designing and predicting the performance of a segmented

type arc-heater: scaling study and CFD analysis. [11] The scaling study is useful for

initial sizing by calculating the chamber pressure (P0), mass averaged enthalpy (h),

efficiency (η), and arc-voltage (V) of the arc-heater in a short time using the equations

of Equation (4.1) ∼ (4.4).

p0 = 935(
m

A∗)I
0.1667 (4.1)

h = (0.293A∗
P0

ṁ
)2.5 = (1.242× 106)I0.4167 (4.2)

η = 52.7ṁ0.28(
I

D
)−0.25(

L

D
)−0.4 (4.3)

V = (2.358× 104)ṁ0.72I−0.3333L0.4D−0.65 (4.4)

However, the scaling study has limitations applied only to low power arc-heaters,

and the enthalpy of the actual heater is not a function of current only, but a function

of current and mass flow rate, so the accuracy of enthalpy prediction is low. Arc-

heater sizing and performance prediction using CFD analysis has higher accuracy, but

requires a high-performance computation machine and takes more time than scaling

study. Therefore, in order to overcome the limitations of design and performance pre-
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diction using scaling study and CFD analysis, this study introduces a method that is

time-efficient and has similar accuracy as CFD results.

The multi-layered perceptron (MLP) model that can predict a correlation between

parameters of a segmented type arc-heater is used. A code based on python [56] was

developed, and predicting correlation between parameters for the performance predic-

tion of the arc-heated wind tunnel proceeds in the following order.

1. Database building

Select major configuration variables, flow conditions, and performance predic-

tors for each component or the entire system of the arc-heated wind tunnel.

Afterward, the results using the experimental values or CFD analysis are built

into a database.

2. Deep learning using an artificial neural network model

After performing deep learning on data using an artificial neural network model

with a database as an input, a performance prediction model is derived.

3. Performance prediction using the model

The configuration variables and flow conditions of the arc-heated wind tunnel

are used as inputs, and the performance predictor variables are the outputs.

122



4.1 Multi-Layered Perceptron (MLP)

Multi-layered perceptron (MLP) was used as the artificial neural network model.

[57] MLP is a model composed of several perceptrons stacked in layers. A perceptron

is the basic unit of an artificial neural network. It calculates the weight sum of the bias

and input, and it derives the result by applying a step function. There is a limitation

that only linear classification is possible, and to overcome this, the concept of MLP

was introduced. In the present study, an artificial neural network including forward

propagation and backpropagation was used, and its outline is shown in Figure 4.1.

Four hidden layers were used, and in the input layer, values necessary for perfor-

mance prediction, such as arc-heated wind tunnel configuration variables, operating

conditions, and CFD analysis results, can be entered.

Figure 4.1: Outline of the multi-layered perceptron
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The activation function determines whether the total sum exceeds the threshold

value by multiplying the weight by the input value. The ReLU function (Figure 4.2)

[58] was used in this study.

Figure 4.2: ReLU function

As the loss function, a mean square error (MSE) regression model was used. MSE

is the average of the squared errors, and its definition is as in Equation (4.5).

E =
∑

(ŷi − yi)
2 (4.5)

The optimizer minimizes the loss function by optimizing the weight values in or-

der to increase the accuracy of the output. In the present study, the adaptive moment

estimation (Adam) algorithm was used as the optimizer. Adam is an algorithm that

combines the momentum optimization method and the root mean square propagation

(RMSprop) method, and its calculation method and outline are shown in Figure 4.3.

If the weights of all hidden layers are the same or have symmetrical weight val-

ues, the weights are not updated during the back-propagation process. Therefore, a

weight initialization method is required in the MLP model, and in the present study,

weight initialization was performed using the initialization proposed by Xavier. [59]

This method is an initialization method based on variance adjustment, and initializes

weights using values extracted based on a probability distribution.
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4.2 Predicting Correlation between Arc-Heater Parameters

The multi-layered perceptron (MLP) model is used to predict correlations between

segmented-type arc-heater parameters. The prediction results are compared with the

experimental values of existing segmented type arc-heaters to validate the database

and MLP model.

4.2.1 Database building

According to the scaling study [14, 47] and the parametric study [45] of the seg-

mented arc-heater, the main design parameters are the constrictor length, constrictor

diameter, and nozzle throat diameter, and the main operating conditions are the current

and the mass flow rate. The performance variables of the arc-heater are the pressure,

voltage, mass averaged enthalpy at the nozzle throat, and efficiency. Among these

variables, the heater chamber pressure is almost independent of the heater length and

diameter because it is determined by the mass flow rate and the nozzle throat diame-

ter rather than the configuration parameters of the heater. Therefore, after performing

the CFD analysis of the arc-heater for various design parameters and operating con-

ditions, two databases for MLP training are created by organizing the results of the

pressure and the other three performance variables. The values for building databases

are summarized in Table 4.1.

Totally, 6,400 data were extracted by performing CFD analysis using eight different

heaters with 800 operating variables (20 of current, 40 of mass flow rate).

The database for pressure prediction is separately constructed containing nozzle

throat diameter, current, mass flow rate, and pressure, excluding heater configuration

variables and other three performance variables. Another database for predicting arc-

voltage, enthalpy, and efficiency includes all configuration information and perfor-

mance analysis results. The databases are built in the form of comma-separated vari-

ables (.CSV), and a part of the database is shown in Figure 4.5.
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Table 4.1: Input parameters and values for MLP training

Input Parameters Values

Configuration

Variables

Constrictor Length, cm 10 ∼ 390

Constrictor Diameter, cm 2 ∼ 8

Nozzle Throat Diameter, cm 0.5 ∼ 6

Operating

Variables

Current, A 150 ∼ 6,000

Mass flow rate, g/s 10 ∼ 800

Arc-Heater

Performance

Variables

Pressure, atm 0.5 ∼ 100

Arc-voltage, V 700 ∼ 6,200

Mass averaged enthalpy, MJ/kg 3.7 ∼ 30

Efficiency 0.2 ∼ 0.6
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(a) Database for pressure prediction

Figure 4.4: Database of segmented arc-heaters(Cont.)
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(a) Database for arc-voltage, enthalpy, and efficiency prediction

Figure 4.5: Database of segmented arc-heaters
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4.2.2 MLP training information

Using the database, MLP training is performed for the pressure and other perfor-

mance variables such as arc-voltage, mass-averaged enthalpy, and efficiency. Training

information, such as epoch, batch size, learning rate, etc., are summarized in Table 4.2

and Table 4.3, respectively.

Table 4.2: MLP training information for pressure prediction

Epoch Batch Size Learning Rate Number of Hidden Layers

300 32 0.005 5

Number of Nodes Training Time Mean Square Error

127,69,38,30,27 25 minutes 1.40E-06

Table 4.3: MLP training information for other performance parameters

Epoch Batch Size Learning Rate Number of Hidden Layers

300 512 0.005 6

Number of Nodes Training Time Mean Square Error

104,87,73,54,28,27 30 minutes 1.60E-05
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4.2.3 Performance prediction

The predicted performance parameters using the trained model are compared with

the experimental and the scaling study values of existing segmented arc-heaters in

various sizes. The values of the JAXA 0.75 MW heater [44] as a small arc heater, the

AEDC 5 MW heater [60] as a medium heater, and a NASA 60 MW IHF heater [17]

as a large heater were used. The results and errors are summarized in Table 4.4 to

Table 4.9, respectively. The averaged error of the performance prediction for each

device is shown: in the case of the JAXA 0.75 MW heater, the pressure was 7.1 %, the

voltage was 8.0 %, the enthalpy was 2.7 %, and the efficiency was 2.1 % compared

to the experimental value. In the case of AEDC’s 5 MW heater, the pressure was 3.0

%, the voltage was 13.8 %, the enthalpy was 6.0 %, and the efficiency was 6.4 %.

NASA’s IHF heater showed an error range of 4.2 % for pressure, 3.5 % for voltage, 4.9

% for enthalpy, and 4.0 % for efficiency. In addition, averaged errors are compared and

summarized in Table 4.10. In the case of high-power and high-pressure heaters, the

MLP prediction results are more accurate than the scaling study. Prediction using the

MLP model is more accurate because the database includes the range (high power and

high pressure) that the scaling study cannot predict. Also, it is proved that segmented

arc-heater prediction is possible with the small data size.
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Table 4.4: Comparing JAXA 0.75 MW heater results (Pressure)

Case
Experimental Results Scaling Study MLP Prediction

[atm] P[atm] Error[%] P[atm] Error[%]

1 0.516 0.486 5.8 0.613 18.8

2 0.600 0.584 2.7 0.681 13.4

3 0.692 0.681 1.6 0.748 8.0

4 0.775 0.778 0.5 0.819 5.7

5 0.862 0.876 1.6 0.891 3.4

6 0.953 0.973 2.1 0.963 1.0

7 0.563 0.530 6.0 0.624 10.8

8 0.651 0.636 2.3 0.684 5.2

9 0.747 0.742 0.7 0.760 1.8

10 0.846 0.848 0.2 0.836 1.1

11 0.947 0.953 0.7 0.912 3.6

12 1.047 1.059 1.2 0.988 5.6

13 0.590 0.560 5.0 0.706 19.8

14 0.682 0.672 1.5 0.766 12.2

15 0.792 0.784 1.0 0.828 4.5

16 0.886 0.896 1.2 0.890 0.5

17 0.996 1.008 1.2 0.952 4.4

18 1.105 1.121 1.4 1.015 8.2

Avg. 2.0 Avg. 7.1
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Table 4.5: Comparing AEDC 5 MW heater results (Pressure)

Case
Experimental Results Scaling Study MLP Prediction

[atm] P[atm] Error[%] P[atm] Error[%]

1 26.30 27.49 4.5 25.41 3.4

2 26.00 28.05 7.9 25.35 2.5

3 26.20 28.08 7.2 25.95 0.9

4 53.20 59.07 11.0 51.06 4.0

5 51.00 57.13 12.0 49.56 2.8

6 53.70 58.94 9.8 50.98 5.1

7 77.60 92.11 18.7 78.54 1.2

8 84.40 97.16 15.1 81.76 3.1

9 102.00 133.13 30.5 101.98 0.0

10 64.00 70.20 9.7 60.25 5.9

11 46.00 56.13 22.0 48.56 5.6

12 52.90 61.91 17.0 53.40 1.0

13 43.90 51.66 17.7 44.92 2.3

14 55.40 60.06 8.4 51.86 6.4

15 101.50 127.76 25.9 100.55 0.9

Avg. 14.5 Avg. 3.0
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Table 4.6: Comparing NASA 60 MW IHF heater results (Pressure)

Case
Experimental Results Scaling Study MLP Prediction

[atm] P[atm] Error[%] P[atm] Error[%]

1 1.88 2.47 31.7 1.71 8.9

2 1.88 2.49 32.6 1.73 8.1

3 3.66 4.75 29.8 3.72 1.7

4 4.29 5.62 30.9 4.24 1.3

5 4.35 5.62 29.0 4.24 2.7

6 4.36 5.77 32.4 4.28 1.8

7 2.94 3.85 30.8 2.78 5.5

8 4.86 6.55 34.7 4.67 4.0

9 7.07 9.59 35.6 6.76 4.0

Avg. 32.0 Avg. 4.2
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4.3 An Example of Sizing a Segmented Type Arc-Heater

To help understand an arc-heater sizing and performance prediction method using

the MLP trained model, sizing and performance prediction for a 10 MW segmented

type arc-heater are performed as an example. For efficient prediction, using a scaling

study or references of similar power heaters, estimate the input range that might sat-

isfy the requirements, and then predict performance parameters using a trained model

by MLP to determine the size or operating condition of the heater. The method and

procedure are as follows.

First, select the pressure and enthalpy of the flow to be experimented with using an

arc-heater. As the requirements for the example heater, the heater chamber pressure is

20 atm and the mass averaged enthalpy is 20 MJ/kg or more.

Second, estimate the heater current that can satisfy the required enthalpy. Calculate

or estimate the range of current that can satisfy the required enthalpy using scaling

study or heater references. For example, the relationship between current and enthalpy

using the scaling study can be shown in Figure 4.6, and the current to generate enthalpy

of 20MJ/kg should be 800 A or more.

Third, estimate the maximum mass flow rate that can be experimented. The mass

flow rate is predicted using the given power, required enthalpy, and estimated effi-

ciency. Heater efficiency varies depending on its size, but after assuming efficiency as

0.4 for initial sizing, the mass flow rate is calculated using Equations (4.6) and (4.7).

η(Efficiency) × P (Power) = h(Enthalpy) × ṁ(Mass flow rate) (4.6)

ṁ =
ηP

h
=

0.4× 10MW

20MJ/kg
= 0.2kg/s (4.7)
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Figure 4.6: Relation of current and enthalpy using scaling study

Fourth, estimate the nozzle throat area or diameter. Estimate the nozzle throat area

(A∗) that satisfies the required pressure of 20 atm using the previously predicted cur-

rent and mass flow rate. The nozzle throat area can be calculated using Equation (4.1)

of the scaling study or Equation (4.8) of the quasi-1D compressible flow theory [61].

A∗ =
1

K

√
T0

P0
ṁ (4.8)

Where,

K =
√

γ
R(

2

γ + 1
)

γ+1
2(γ−1)
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The throat area estimated using Equation (4.8) is 4.15 cm2, and the diameter is

2.3 cm. Therefore, the throat diameter should be less than 2.3 cm, and in the present

example case, the throat diameter range from 1.4 cm to 2.3 cm is used.

Fifth, predict the pressure using the trained model. After inputting a certain range

of the estimated mass flow rate, current, and nozzle throat as shown in Figure 4.7,

the configuration parameters and operating conditions are selected by comparing the

predicted pressure value with the required pressure.

Finally, predict the remaining performance parameters such as enthalpy, efficiency,

and arc-voltage using the trained model. The range of values for the length and diam-

eter of the segmented arc-heater considering the installation space or manufacturing

and the estimated pressure, mass flow rate, and current are used as input. Then, as

shown in Figure 4.8, the size of the heater can be determined based on the predicted

performance of the heater.
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Figure 4.7: Inputs and outputs of predicting heater pressure using MLP (Example case)
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Figure 4.8: Inputs and outputs of predicting heater parameters using MLP (Example

case)
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CHAPTER 5. CONCLUSIONS

5.1 Conclusion

In order to understand the internal flow characteristics of an arc-heated wind tunnel,

the analysis region of the existing arc heater analysis program, ARCFLO4 code, was

improved enable to analyze the full system of the wind tunnel. The calculation range

of ARCFLO4, which could only calculate the thermodynamic properties and trans-

port coefficient of high-temperature, high-pressure, and low-velocity equilibrium air,

has been expanded to allow low-pressure, low-temperature, and supersonic/hypersonic

calculations. When a value is out of the calculation range, it is calculated using the per-

fect gas equation of state, and the numerical discontinuous phenomenon that occurs at

the boundary of the calculation range is improved by using the smoothing function.

To validate and verify the numerical results in the low-pressure, low-temperature, and

supersonic/hypersonic domains, NASA Langley AHSTF Mach 4.9 and Mach 6 nozzle

were analyzed and compared with experimental values.

Using the numerical analysis program, a flow analysis was performed on the plenum

mixing chamber with a heater nozzle, which ensures the stability of the arc plasma, and

its characteristics were analyzed. When there is a heater nozzle, it was confirmed that

the flow inside the heater and its performance do not change due to the choking effect

caused by the heater nozzle even if the flow entering the plenum mixing chamber

changes. As the flow inside the PM is supersonic, the mixing possibility of the main

flow and the additional flow was identified and the effect of the amount and direction

of the additional injected gas was analyzed. Although about 30 % of total pressure and

enthalpy loss occurred by the heater nozzle, there was an advantage in that the mixing
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length was shortened inside the chamber. As a method to reduce the loss of the main

flow by the heater nozzle, it was proposed to increase the nozzle throat area or reduce

the nozzle exit area so that the Mach number at the exit of the heater nozzle can be

reduced, and the parametric study was performed to confirm that increasing the nozzle

throat area is effective in reducing flow loss and heat flux.

In addition, flow analysis of diffusers was performed to analyze the characteris-

tics of representative types of diffusers; then, a diffuser with a new configuration that

could compensate for the shortcomings of existing diffusers was proposed. Because

the center-body is located in the diverging section (i.e. subsonic region), the novel dif-

fuser has the advantage of reducing the total pressure loss due to the shock wave and

widening the cooling area. As a result of the performance evaluation of three types of

diffusers, it was confirmed that the proposed diffuser has advantages in exit temper-

ature and velocity while maintaining efficiency. In particular, the exit temperature of

the novel diffuser was 11 % lower than that of the cylindrical second throat diffuser

under the same condition.

Finally, a multi-layer perceptron model that can design and predict the performance

of an arc-heated wind tunnel faster than CFD analysis was introduced. By building a

database according to the design variables and operating conditions of the arc-heated

wind tunnel, its performance can be predicted by artificial neural networks. As an

example, a database of segmented type arc-heater was built and the possibility of per-

formance prediction using the MLP-trained model was confirmed by comparing the

results with the experimental values of existing devices.

In the future, the analysis code improved in the present study and the physical char-

acteristics of the arc-heated wind tunnel analyzed through flow analysis will help de-

sign a novel arc-heated wind tunnel, predict performance, and design additional de-

vices for upgrading facilities. In addition, by simulating an experiment, the physical

phenomena and values that are difficult to observe and measure can be predicted, and

complementary research such as analysis of basic physical phenomena occurring in
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experimental models will be possible. Moreover, since the code can be used not only

for an arc-heated wind tunnel analysis but also for flow analysis inside mechanical sys-

tems in various industries, it is possible to predict the physical properties of a device

with a similar operating mechanism to that of a wind tunnel.
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5.2 Future Works

Further research on analysis codes, arc-heated wind tunnel manufacturing and op-

erating based on the numerical analysis, and performance prediction using database

remain to be done.

In relation to the analysis code, three main tasks are to be performed: expansion of

the governing equation, combining electric/magnetic field model, and adoption of a

time-efficient calculation scheme. In the present study, the analysis code is improved,

and possible to analyze segmented, Huels, and MPD heaters, but the accurate analysis

for ICP heater is low. This is because, due to the operating characteristics of the ICP

heater, the tangential direction momentum equation must be added for the ICP heater

analysis, and the magnetic potential equation as well as the electric field analysis must

be additionally considered. However, expanding the governing equation and adding the

magnetic field model may increase the calculation time. This can be disadvantageous

to analyze using CFD in a short time. Therefore, it will be necessary to improve the

arc-heated wind tunnel analysis code using recently used time-efficient computational

schemes such as the generated minimum residual method (GMRES).

Regarding the fabrication and operation of the actual wind tunnels, an optimal de-

sign for the heater nozzle and center-body of the novel diffuser is required. The optimal

design of the heater nozzle should be performed in a direction in which the heat flux of

the heater nozzle throat is small and the flow loss is reduced by lowering the exit Mach

number. The optimal configuration of the center-body should not cause flow separa-

tion in the diverging section and should be performed in a direction that can lower the

exit temperature as much as possible. For this purpose, three variables can be changed:

angle, diameter, and length of the center-body. As the diameter increases, the cooling

area widens, but if it is too large, flow choking may occur in the diverging section

rather than the diffuser throat due to the effective area reduction by the center-body,

and the converging and diverging angle of the center-body should be maintained at 3 to

5 degrees so that flow separation does not occur. Therefore, the optimal design method
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depending on the length is the most realistic. In addition, this study numerically sim-

ulated the experimental process, so it did not suggest the method for mounting the

support for the experimental model and the center-body of the diffuser. Therefore, nu-

merical or experimental research should be conducted from the viewpoint of practical

problems that occur when manufacturing and experimenting with actual devices.

Finally, several follow-up studies are needed to improve performance prediction

accuracy. First, it is necessary to expand the database using more numerical results and

design variables. Second, use low-fidelity data to reduce the increased learning time

due to the expanded database. Third, find unknown parameters that affect the results in

the database. Also, since research on artificial neural network models is being actively

conducted and various models are being developed, it would be helpful to study and

introduce models suitable for the design and performance prediction of arc-heated

wind tunnels.
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초록

초고속비행체,재진입비행체의내열소재및열보호시스템연구에필수적인지

상시험장비로는아크플라즈마를이용하여고엔탈피유동을모사하는아크가열식

풍동이있다.아크가열식풍동은유인우주선의안정성확보를위해 1950년대부터

연구가수행되어미국,유럽,러시아등항공우주선진국에서는다양한규모의장치

를구축하여현재까지사용하고있다.그러나국내에는아크가열식시험장비가매

우부족한상황이며,구축비용의절감을위해현존하는연구시설의기존인프라를

이용한 장치의 구축이 요구된다. 국외의 시험장비들 또한 다른 행성으로의 재진입

연구를수행하기위해개선이지속적으로필요한상황이다.따라서본연구는아크

가열식풍동의설계,개선및확장에유용하게적용할수있는전산해석프로그램,

구성요소의형상설계및분석,인공신경망모델을이용한성능예측연구를수행하

였으며,그내용은다음과같다.

1.해석코드개선및검증

아크히터 해석용 코드인 ARCFLO4를 아크 가열식 풍동장치 전체 시스템의 유

동 해석을 위한 코드로 개선하고 검증하였다. 고압, 고온, 저속의 열적/화학적 평형

아크 플라즈마 해석을 위해 개발된 ARCFLO4 코드를 아크 가열식 풍동의 초음속/

극초음속영역의유동해석이가능하도록열역학적변수와전달계수의계산영역을

확장하였다. 또한, 시험장치의 비정상 해석을 위해 dual time stepping 시간 전진기

법을도입하였다.개선된유동해석코드는 JAXA 0.75 MW아크히터, NASA Ames

20 MW IHF 아크히터, 그리고 NASA Langely의 마하4.9, 마하6 노즐의 유동 해석
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결과와실험값을비교하여검증하였다.

2.플레넘혼합실과디퓨저의새로운형상제안및특성분석

아크히터와노즐사이에플레넘혼합실이있는경우,혼합실내부의유동변화에

대한 아크 플라즈마의 안정성을 보장하기 위해 히터 노즐을 사용한 형상을 제안하

였다.히터노즐에의한질식효과로플레넘혼합실내부의유동이변화하여도상류

인아크히터내부유동에변화가없음을확인하였으며,고온의히터유동과상온의

추가유입유동의혼합이더빠르게발생하는것을알수있었다.디퓨저에대한수

치해석연구는대표적인디퓨저형상인중심체형디퓨저와 2차목원통형디퓨저에

대한유동해석을수행하여각형상에대한장점과단점을파악한후,효율이높은디

퓨저형상을제안하였다.새로운디퓨저의경우,중심체가아음속영역에위치하여

디퓨저 효율은 유지되고 중심체에 의한 냉각면적 증가로 출구의 유동 온도가 가장

낮음을확인하였다.

3.멀티레이어퍼셉트론모델을이용한아크히터변수간상관관계예측

인공 신경망 모델인 멀티 레이어 퍼셉트론을 이용하여 시험 장치의 성능 예측을

위한 코드를 개발하였다. 세그멘트형 아크히터들의 전산 해석 결과를 이용하여 데

이터베이스를구축하고유동분석을통해주요설계인자를선정하여학습을수행,

아크히터변수간의상관관계예측이가능하도록하였다.멀티레이어퍼셉트론모

델의 검증을 위해 현존하는 소형, 중형, 대형 아크히터의 성능 변수인 압력, 아크

전압,엔탈피,효율을예측하고실제실험값과비교하였다.

주요어:아크가열식풍동,전산유체해석,아크히터,플레넘혼합실,디퓨저,

멀티레이어퍼셉트론

학번: 2017-34718

성명:백진솔

158


	1. INTRODUCTION
	1.1 Introduction to Arc-heated Wind Tunnel
	1.2 Research Status of Arc-Heated Wind Tunnel
	1.3 Outline of Thesis

	2. MATERIALS AND METHODS
	2.1 Analysis Program Overview
	2.2 Physical Modeling
	2.3 Numerical Methods
	2.4 Boundary Conditions
	2.5 Validation and Verification

	3. NUMERICAL ANALYSIS AND INVESTIGATION
	3.1 Plenum Mixing Chamber with a Heater Nozzle
	3.2 Diffusers in Various Types

	4. PREDICTING CORRELATION USING MULTI-LAYER PERCEPTRON
	4.1 Multi-Layered Perceptron (MLP)
	4.2 Predicting Correlation between Arc-Heater Parameters
	4.3 An Example of Sizing a Segmetned Type Arc-Heater

	5. CONCLUSIONS
	5.1 Conclusion
	5.2 Future Works



<startpage>17
1. INTRODUCTION 1
 1.1 Introduction to Arc-heated Wind Tunnel 1
 1.2 Research Status of Arc-Heated Wind Tunnel 7
 1.3 Outline of Thesis 10
2. MATERIALS AND METHODS 12
 2.1 Analysis Program Overview 12
 2.2 Physical Modeling 16
 2.3 Numerical Methods 40
 2.4 Boundary Conditions 48
 2.5 Validation and Verification 54
3. NUMERICAL ANALYSIS AND INVESTIGATION 63
 3.1 Plenum Mixing Chamber with a Heater Nozzle 64
 3.2 Diffusers in Various Types 92
4. PREDICTING CORRELATION USING MULTI-LAYER PERCEPTRON 121
 4.1 Multi-Layered Perceptron (MLP) 123
 4.2 Predicting Correlation between Arc-Heater Parameters 126
 4.3 An Example of Sizing a Segmetned Type Arc-Heater 139
5. CONCLUSIONS 144
 5.1 Conclusion 144
 5.2 Future Works 147
</body>

