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Abstract

Designing A Shock Tunnel To Enable High Enthalpy Experimental Investigation Of
Hypersonic Flows.

Sumukh Peddada

Chair of the Supervisory Committee:

This study presents the design and analysis of a shock tunnel facility, utilizing existing high-
pressure pipes within the UWAA department. The research aims to elucidate the trade-offs
between Reynolds number, enthalpy, and test time across a range of configurations. The
methodology involves using the WISTL shock tube code from the University of Wisconsin,
integrated with an in-house nozzle solving code to design and model a reflected shock
tunnel. The setup features a driver length of 12 ft and a driven length of 56 ft with
a diameter of 7 in, achieving steady-state test durations ranging from 3 to 16 ms. This
configuration enables exploration of Reynolds numbers from 10° - 10® m~1 and enthalpy
conditions from 0.3 - 1.6 M J/kg. A comparative analysis with a Ludweig tube configuration,
using the same pipe sections, demonstrates the shock tunnel’s capability to handle high
enthalpy at higher Mach numbers without issues, offering greater flexibility. The results
reveal stable stagnation conditions with minimal pressure and temperature fluctuation with
changes in length but high sensitivity to driver and driven pressures. A Mach Number
in the range 6 - 8 with the current test section size of 0.3m is identified as striking a
reasonable balance between various parameters. In conclusion, the designed shock tunnel
facility demonstrates remarkable flexibility and robust performance over test conditions and

showcasing its potential for advancing research in hypersonic flow.
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NOMENCLATURE

Variables

A Nozzle Throat Area

a Speed of Sound

Cp Specific Heat at Constant Pressure
Cy Specific Heat at Constant Volume
M Mach Number

P Pressure

Py Stagnation Pressure

R Gas Constant

T Temperature

Ty Stagnation Temperature

My, Upstream Mach

Apube Area of driven tube

Tstatic Static Temperature

PO Stagnation Pressure - Shocktube
T0 Stagnation Temperature - Shocktube

Py or Py4 Driver Pressure - Shocktube
P Driven Pressure - Shocktube

PO, test Stagnation Pressure of Test Section - Shocktube

T0,test Stagnation Temperature of Test Section
Re Reynolds Number

Hy Enthalpy

Dyest Test Section Diameter

D, Throat Diameter

te Test time
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Chapter 1

INTRODUCTION

1.1 Motivation

Hypersonic flows are integral to the advancement of many aerospace technologies, includ-
ing hypersonic vehicles, spacecraft reentry, hypersonic weapons, and high-speed air travel.
Shock tunnels serve as crucial tools for simulating extreme hypersonic flight conditions.
Noteworthy facilities such as NASA HYPULSE [8], High Energy Shock Tunnel G&ttingen
(HEG) [20], CUBRC LENS [21] and Caltech T5 [34] play pivotal roles, enabling the study
and comparison in a controlled environment, leading to significant advancements in our un-
derstanding. The unique setup of shock tunnels involves the release of high-pressure driver
gas into low-pressure driven gas through a ruptured diaphragm. By incorporating a nozzle
to the setup, we can precisely control and manipulate the flow to achieve specific Mach
number and pressure conditions more closely resembling flight. The design of a shock tun-
nel necessitates meticulous consideration of various factors, including dimensions, pressures,
temperatures, and Mach numbers, with the ultimate goal of achieving conditions that are
competitive with other facilities. In this thesis, the use of the available shock tube in the
Aeronautics and Astronautics department will be used for the construction of a reflected
shock tunnel (RST) to explore the trade-offs between enthalpy (Hp), Re, test section Mach
number, and test time, then compare the designed capabilities with other hypersonic shock

tunnels.

1.2 Literature Review

Hypersonic testing facilities are crucial for simulating the extreme conditions experienced
by vehicles traveling at high speeds, with each type of facility offering unique advantages
and facing specific challenges. Reflected shock tunnels are designed to create high-pressure,

high-temperature test conditions by reflecting shock waves back through the test section.



These tunnels typically consist of two pipes, the driver and driven sections, with a nozzle
attached downstream of the shock tube. This is achieved by generating a shock wave in a
driver section, which then travels through a test section and is reflected off a downstream
surface. The reflected shock wave interacts with the incoming flow, creating the desired
high-pressure and high-temperature conditions. Reflected shock tunnels such as the Stevens
Shock Tunnel [33] work on this principle

There are many ways to operate such a facility. The HyperTERP Facility [5] uses gas
tailoring to halt the contact surface, preventing shockwave interference and increasing test
times. However, adjusting the gas mixture can increase Reynolds numbers at the expense
of enthalpy. Some reflected shock tunnels, like the T6 Stalker Tunnel [10], incorporate a
free-piston driver with modified barrels, allowing various operating modes such as shock
tube, reflected shock tunnel, or expansion tunnel. However, larger diameters can reduce
performance by limiting maximum shock speed due to lower pressure and temperature
downstream of the nozzle. This operation also requires precise control over driver gas
composition and flow rates, which can be challenging to maintain. Detonation drivers, such
as HYPULSE [38], JF12 [23], and the TH2 Tunnel [37], leverage combustion dynamics to
generate high-speed flows. Helium is often used as the driver gas due to its low molecular
weight, which allows for high flow velocities at lower pressures. While detonation drivers
offer high Reynolds numbers and precise control over flow conditions, they can be challenging
to operate and require specialized expertise to maintain.

Larger facilities, including the CUBRC LENS [7], T4 Tunnel [35], HEG [20], and T5
CALTECH Tunnel [34], work with larger test sections and higher driver pressures. These
conditions produce high enthalpies and Reynolds numbers, eliminating driver gas contami-
nation and ensuring accurate flow measurements. However, maintenance of larger facilities
can be more complex and costly, requiring extensive calibration and downtime for repairs.

In addition to reflected shock tunnels, there are other facilities used for high speed flow
research. Continuous facilities, such as AEDC Tunnel B and AEDC Tunnel C [28], provide
a steady flow of high-speed gas for comparatively long-duration experiments. They typically
include a high-pressure storage vessel, a flow control system, and a test section. Blowdown

facilities, such as AEDC Tunnel 9 [26], are ideal for studying transient phenomena and



are commonly used for aerodynamic testing of aerospace components. Gun tunnels, like
Longshot and VKI [17], accelerate projectiles to high speeds using a compressed gas gun,
generating high-speed flows in the test section upon impact. They consist of a launch tube,
a projectile, and a test section. Gun tunnels are valuable for studying high-speed impact
phenomena and material behavior under extreme conditions. Adiabatic compression units,
such as AT-303 [15], rapidly compress gas using mechanical means, creating high-speed flow
conditions. They typically include a compression chamber, a gas storage tank, and a test
section. Adiabatic compression units are suitable for studying high-speed combustion and
gas dynamics.

Expansion tunnels, such as MHExT [1], HET [4], and Stanford University [13], use a
high-pressure reservoir to generate high-speed flows through a converging-diverging nozzle.
They consist of a driver section, a nozzle, and a test section. Expansion tunnels are cost-
effective and suitable for a wide range of aerodynamic testing applications.

The diverse range of hypersonic testing facilities offers researchers valuable tools for
studying high-speed flows and advancing the understanding of hypersonic aerodynamics
and propulsion. Each type of facility has its unique capabilities and limitations, making

them suitable for different aspects of hypersonic research and development.
1.3 Approach and Objectives

In this work, the capabilities of a shock tunnel are explored, basing the geometry on pipes
that are already available. The work focusses on exploring the trade-offs between test time,
Reynolds number, enthalpy, and Mach number. Our methodology begins with utilizing the
WISTL Code [6] to determine the range of conditions at the downstream end of the driven
tube, computing stagnation pressures (Pp) and temperatures (7p) with air as the working
gas and both driver and driven tubes filled at 300 K. Subsequently, we employ an in-house
nozzle code to expand these stagnation conditions to high Mach numbers, exploring the
trade-offs between Mach number and nozzle test section size. Our paramount focus is the
design and optimization of tunnel geometry and flow conditions, including Mach numbers
and test section sizes, to discern the intricate trade-offs between test time, Reynolds number

(Re), and stagnation enthalpy (Hy). We draw on seminal works such as Chun-Min Wang’s



Table 1.1: Summary of the Reflected Shock Tunnel Facilities

Tunnel Operation Type Mach Hy Re Source
(MJ/kg) (x105m~1)
Stevens Driver-Driven 5.8-6 1.5 0.35-8.1 [33]
HyperTERP Driver-Driven 6 1.4,0.7 5.3 [5], [30]
Sandia Free Piston Driver 8-9 4.6 1-4 [25]
T6 Stalker Free Piston Driver 7 24 10 [10]
CUBRC-LENS Driver-Driven 6.5-8.2 High 0.055-1.6 [7]
HEG Free Piston Driver 6 -10 1.5-22 0.2 - 133 [19]
T5 Tunnel Free Piston Driver 5.2 25 2-6 [22]
HYPULSE Dual Mode 12 - 25 High High [38]
JF12 Detonation Driver 5-9 - -
TH2 Free- 6.6 - 12.1 0.8 - 16.5 14.1 [37]
Piston/Detonation
Driver
T4 Tunnel Free-Piston Driver 4-10 2.5-15 - [35]




analysis of transonic flow in supersonic Ludwieg wind tunnels [39], and feasibility studies
by John W. Davis et al. on high Reynolds number tube wind tunnels at NASA [12], which

provide foundational insights and benchmarks for our research.



Chapter 2

METHODOLOGY

The design process involves several key steps to develop an effective shock tube using
these UW pipes: Ensuring the driver tube can handle high-pressure gas that is essential
to contain the high-pressure gas before the shock wave is generated, to prevent premature
failure and ensure safety; choosing 12-foot and 56-foot lengths for the driver and driven
sections to provide sufficient distance for shock wave development and interaction with
the test gas; using the 7-inch inner diameter to accommodate the necessary volume of gas
and maintain appropriate flow dynamics. To begin with, we observe the tradeoffs with
pressures lengths and temperatures for shock tube portion. With nozzle calculations, we
explore the tradeoffs of test section size and Mach number and the influence this has on
the Reynolds number (Re) and stagnation enthalpy (HO). We assume a perfect gas even at
higher temperature scenarios. The gas filled in the shock tube is set to ambient temperature

(300 K). We use a lossless nozzle and air for our potential design.

2.1 Available shock tube pipes

The geometric configuration of the UW shock tube, using the set of pipes we currently
have in the historic AA department, is a crucial factor in its design, directly influencing
performance and experimental outcomes. The driver section, with a pressure range of 100
psi to 5000 psi, and the driven section, with a pressure range from 0.5 atm (7.5 psi) to 50
atm (750 psi), are rated for these pressures based on specifications. These pipes have an
inner diameters of 7 inches, driver tube with an outer diameter of 14 inches and driven
tube with an outer diameter of 10 inches. The material employed is molybdenum. Lengths
of 12 feet for the driver section and 56 feet for the driven section. Figure 2.1 and Table
2.3 enhance comprehension and facilitate the analysis of a shock tube. Each component’s

dimensions, including the lengths, diameters, and pressure ratings of the driver tube, driven
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Figure 2.1: UW Shock Tunnel Drawing (length not to scale).

tube, and interaction region, are carefully considered to ensure optimal functionality.
2.2 Design process for reflected shock tunnel (RST)

This involves attaching a nozzle to the initial shock tube setup. This nozzle expands the
flow, converting the shock tube into a functional shock tunnel. The shock tube calculation
provides crucial outputs like Stagnation Pressure (P 5), Stagnation Temperature (7p5), and
Test Time (t.). These outputs define the initial conditions for the nozzle calculation, which
provides test section pressure (Pptest),test section temperature (7p test), Reynolds number
Re, enthlapy Hp and static temperature (Tsiquc) after expansion. The shock tube -t
diagram as shown in figure 2.2 illustrates key regions like the shock wave, contact surface,
and expansion wave, with variables defined for each region. This sequential approach,
starting with the shock tube calculation and then using its outputs for the nozzle calculation,

ensures that the RST achieves the desired hypersonic flow conditions for our design.

2.2.1 Functionality

The utilization of the WISTL Code [29], is instrumental in generating x-t diagrams, crucial
for understanding shock tube dynamics. This process involves executing a second-order
finite volume code, employing the Muscl-Hancock method alongside an exact Riemann

solver. We are empowered to execute .exe files by providing an input document laden with
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Table 2.1: Driver Section

Table 2.2: Driven Section

Table 2.3: Essential components for assembling a shock tube
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various parameters tailored to specific shock tube and gas combinations. These parameters
encompass critical factors such as tube length, diaphragm and interface locations, as well
as pressures, temperatures, and gas properties. By adjusting these parameters to meet our
design and criteria requirements, we initiate simulations, thereby yielding essential data
files for further analysis. Subsequently, these data files undergo processing via a MATLAB
script, facilitating the creation of vivid color and contour plots. Notably, the MATLAB
script enhances visualization by accurately tracking diaphragm and interface locations on
the plots. Figure 2.2 aptly demonstrates the culmination of this process, showcasing the x-t

diagrams generated by the WISTL software [29].

Ezample output

The x-t diagrams using the WISTL Code [29], a 1-D gas dynamics based solver assuming
the ideal gas equations of state, presented in Figure 2.3 illustrate the overall dynamics of
the flow and the critical scenario downstream of the shock tube, emphasizing the region
of stagnation conditions. This setup corresponds to a full-length shock tube configuration,
where the driver and driven sections are connected with a diaphragm in between. This
code serves as a valuable tool in shock tube experiments, providing a visual representation
of shock and rarefaction waves within the tube. It illustrates critical events such as the
interaction of the reflected shock with the interface and the timing of the rarefaction from
the driver reaching the interface before further interaction. Figure 2.2 illustrates the speicfic
regions duing a shock tube process. Initially, the shock tube is divided into two sections by a
diaphragm. Region 4, known as the driver gas region, contains high-pressure gas that drives
the shock wave. Region 1, the driven gas region, contains gas at rest initially, which will
be accelerated by the shock wave. When the experiment begins, the diaphragm ruptures,
allowing the high-pressure driver gas to rapidly expand into the low-pressure driven section.
This expansion creates a high-velocity shock wave that propagates down the tube. As the
shock wave moves down the tube, it compresses the gas in front of it, creating a region of
high pressure and temperature behind the shock front. Regions 2 and 3 are located on either

side of the contact surface, which is the interface between the driver and driven gases. Across
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Figure 2.3: (P;) = 3000 psi | (Py) = 750 psi [29]

this surface, the pressures and velocities remain constant. When the shock wave reaches
the end of the tube, it reflects back towards the diaphragm. This reflection creates a region
of high pressure and temperature known as the stagnation region (Region 5), where we
attach a nozzle to extract test conditions to develop a shock tunnel. To determine the test
times accurately, it is essential to record the duration of this stagnation period precisely.
This involves measuring the time interval between the rupture of the diaphragm and the

onset of interaction with the contact surface.

For the purposes of discussion in this section, we consider an example shock tube model
with a driver pressure (Py) of 3000 psi and a driven pressure (P;) of approximately 50 atm.
This example scenario enables us to delve into the dynamics of shock tube experiments and
analyze the behavior of shock and rarefaction waves under these specific pressure condi-
tions. Our analysis involves calculating the shock tube conditions for various pressures and
lengths, followed by the attachment of a nozzle. This approach allows us to examine the be-
havior of the shock tube and subsequent flow dynamics in detail, providing a comprehensive
understanding of the setup and its implications. To achieve these shock tube conditions for
a range of configurations, including short to long sections and different pressures, we utilize

the WSITL code [29] as mentioned previously.
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Figure 2.4: Using data from Figure of 2.3, (Py) = 3000 psi | (P1) = 750 psi

2.2.2  Extraction and Analysis of Stagnation Conditions and Test Times in a Shock Tube

Shock tube test time refers to the duration of a shock tube experiment, specifically focusing
on capturing the duration of the observed stagnation condition during the test. It encom-
passes the period from the reflection of the shockwave, which pressurizes and heats the
gases at the test section, to the interaction of the shockwave with the expansion waves or
the contact surfaces. According to Figure 2.4, we typically seek points in the signal where
the pressure either tapers off or changes rapidly. This process involves the code examining
the signal to identify regions along the end wall of the shocktube where the pressure or
temperature remains relatively constant at the downstream end of the driven pipe (stag-
nation region). For instance, in a pressure signal, the aim is to locate a region where the
pressure sharply rises downstream of the tube and then stabilizes, indicating the arrival of
the shockwave at the end section and marking the interaction of waves of interest. The
code we develop performs several steps to identify regions of constant pressure at the end
of a shock tube, which are crucial for determining test times and analyzing the stagnation

region.
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The test time region is identified as the time within which the pressure is within a

percentage € of the maximum pressure, Pp,qz, such that,

€
OP = Ppax X 100

where §P is the allowable deviation in pressure from the maximum.
We identify a region of constant pressure if the difference between each pressure value P;
and the maximum pressure Py ax is less than or equal to a specified tolerance d P, considering

both increases and decreases in pressure:

|Pmax_Pi‘§5P

A threshold € of 5% was used for all cases. This calculated tolerance is then used to
determine regions where the pressure change between points is minimal and considered
”constant” within this tolerance. If no constant pressure regions are found within the
given tolerance, the test conditions are considered not valid. This process determines the
maximum pressure values within the identified constant pressure region to understand the
start and end point of the pressures which is where the pressure starts to increase/decrease
after being constant. This process ensures accurate identification of the stagnation region.
This method operates by extracting the pressure data from the WISTL Code [29]. These
red and green lines as depicted in Figure 2.4 indicate the start and end of the stagnation
region downstream. The difference between these two points is calculated, defining the
test time. Since the pressure is constant in Region 5, we select a mean point indicative
of the stagnation value. The main objective of this code is to calculate and extract these
stagnation values and test times for multiple cases and feed them into the nozzle code for
further analysis of a shock tunnel. As shown in Figure 2.5, even in rare instances of non-ideal

behavior, the thresholds effectively detect a valid test time.

2.3 Expanding Stagnation Conditions through a Nozzle

When a shock tube experiment reaches the stagnation region (Region 5), as shown in Figure

2.3, we expand the these test conditions through a lossless nozzle at different Mach numbers
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Figure 2.5: Example for an Off-Nominal Case for Endwall Pressure vs Test Time

(area ratios). Such calculations are the same as for a Ludweig tube, and so the operating

principle of these facilities and their calculations is outlined below.

2.8.1 The Ludweig Tube in Focus: An Overview

The Ludwieg tube utilized in our research comprises of our driver ( in our case driven)
section of 56 ft and the nozzle test section of 0.3 meters, involves the sudden release of
high-pressure gas from a reservoir into a larger, lower-pressure tube. This rapid expansion
generates a shock wave that travels down the tube, akin to a shock tube. Figure 2.6 [8]
provides a schematic of a hypersonic Ludwieg tube. When the diaphragm ruptures, the
expansion wave accelerates the high-pressure gas, generating a shock wave and contact
surface in the nozzle and test section downstream. The test time is defined as the duration
during which the expansion fans travel upstream of the charge tube, reflect towards the
nozzle throat, and maintain steady flow. The shock wave propagates through the nozzles,
resulting in high pressures and temperatures. As we aim to expand our understanding

of this flow to produce a tunnel, the code for the Ludweig Tube becomes valuable as it
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operates on the same principles since we use the same nozzle test section to expand the
flow for the shock tunnel. This code, to be discussed in the following section, is derived
from the set equations that will be outlined. Extensive research has been conducted on
the UW Ludweig Tube [27], enabling a comparative analysis between the Ludweig Tube
and our Shock Tunnel. Subsequent sections will delve into this comparison, elucidating the
differences in performance and the significance of various parameters. We aim to integrate
this code into our workflow to expand the stagnation conditions through the nozzle. In
our workflow, we begin by acquiring stagnation values using the WISTL framework [29]
which we refined and upgraded to enhance its functionality. The shocktube stagnation
values serve as inputs for the Ludwieg Tube Code [27], along with fundamental inputs like
Mach number and test section size. Through iterative refinement of these calculations, our
objective is to identify the most suitable case for designing the facility, considering factors
such as nozzle geometry and gas properties. This iterative (different test cases) approach is
essential for optimizing the design to achieve the desired flow conditions and performance

levels, ensuring the efficiency and effectiveness of our facility.

2.3.2 Design Criteria to set the Flow

The nozzle is typically designed as a converging-diverging nozzle, also known as a de Laval
nozzle. The expansion ratio of the nozzle, defined as the ratio of the exit area to the throat
area, is carefully selected to achieve the desired Mach number in the test section. A higher
expansion ratio results in higher Mach numbers, which is related to the size of the test
section. The integration of a nozzle is a critical step in transitioning from a shock tube to
a shock tunnel, facilitating the transformation of high-pressure and high-temperature gas
from the shock tube into the high-speed flow required for experiments in the shock tunnel.
An example is provided in Figure 2.7 [9], which illustrates the attachment of a nozzle to a
shock tube. In the next section, we will draw insights from how these stagnation conditions
will be utilized and expanded from equations by Chun-Min Wang [39] offer valuable parallels
to the flow conditions we aim to create in our shock tunnel. Additionally, research by John

W. Davis et al. [12] provides similar insights into the design and operation of such systems,
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Figure 2.7: (a) Schematic layout of single diaphragm constant-area shock tube and (b) wave
(x-t) diagram of the gas flows [9]

which are highly relevant to our shock tube and nozzle integration. By leveraging these
studies, we aim to design our facility, ensuring it meets the demanding requirements of

high-speed flow experiments.

2.3.8  FEzpansion Loss with Nozzle Performance

We feed the stagnation conditions from the shocktube through the lossless nozzle. These
differ because the upstream Mach number is nonzero. To solve for the flow condition
upstream of the nozzle during the shock tunnel cycle, Equations (2.2) and (2.3) are utilized.
As shown in Equation (2.4), the ratios of stagnation to total pressure and density are
derived from isentropic relations based on the temperature ratio. We know that the ratios
of stagnation temperature to total temperature, stagnation pressure to total temperature,
and static pressure to total pressure are functions of the tube-to-throat area ratio and the

Mach number upstream of the nozzle as in Figure 2.8.
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2 y+1
Atube _ Drype . 1 2 14 v — 1M2 2(v-1)
A\ Dy My \y+1 2 up

Ratio between stagnation temperature upstream the nozzle and total temperature can

be expressed as a function of the Mach number upstream the nozzle.

1 2
Toiow _ 1+ 55 Mg, (2.1)
Ttube 1+ ’\/TilMup

Isentropic relation is used to calculate stagnation pressure to total pressure ratio from
stagnation temperature to total temperature ratio.

2y

PO,flow _ <a0,fl0w> 7-1 (2 2)
Ptube Atube

Here, tube values are the stagnation conditions in the shocktube section and will be
connected to the nozzle, which will be expanded. Finally, the nozzle test section stagnation
temperature (70 ¢est) is calculated and similarly for the nozzle test section pressure (P test)-

We employed an in-house code that puts these equations in work. e solve by providing
inputs such as P tuhe and Tp tube, the stagnation conditions of the shock tube, Additional
inputs include the Mach number and test section diameter, which define the area ratio
and govern the flow characteristics. We work with ideal gas assumptions and proceed to
choose the specific heat ratio and molecular weight of the selected gas, in our case air,
which calculates the gas constant. Using isentropic flow relations, the function determines
temperature, pressure, and area ratios for a given Mach number. We compute the throat
diameter based on the test section diameter and area ratio. The function calculates the
upstream Mach number, total temperature, and pressure ratios across the tunnel. Finally,
it determines the stagnation conditions and Reynolds number, using the static temperature
and pressure to find the flow density and dynamic viscosity, thus characterizing the flow

properties.
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Figure 2.9: Nozzle Integration for our Design
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Chapter 3
RESULTS

3.1 Shock tube calculations

Air is assumed as the test gas. We assume ideal gas equations of state and an inviscid flow,
even at high temperatures. The fill gas temperature is maintained at 300 K while allowing
the driver pressure, (Py), to vary between 100 to 5000 psi. The maximum driver pressure
being 5000 psi because it is the structural integrity limit of the pipe. The driven pressure,
(Py), is varied between 0.5 to 50 atm (7.5 to 750 psi) minimum and maximum values used
in our design. In our setup, we used specific pressure ratios as constraints to achieve desired
test conditions. These pressure ratios, denoted as P,/ P;, were carefully selected to ensure
the desired flow parameters such as stagnation pressure and temperature. % > 1 is another
limiting condition. Full scale driver and driven lengths are defined according to Figure 2.1.
We aim to investigate how variations in the length of the tube, the pressure in the driver
(Py) and driven section (P;) influence the stagnation conditions at the downstream end of

the driven tube, as well as the time that these conditions are available.

3.1.1 Influence of Py, P1 and Length on Flow Dynamics

This section provides an example and shows how adjustments in length and pressure settings
influence output variables, visually represented in Figures 3.1 for different lengths, building
on the initial case from Figure 2.3. In our design, we systematically varied driver and driven
pressures and lengths to achieve desired testing conditions, resulting in diverse pressure and
temperature profiles along the shock tube, visualized using x-t charts. We observe that
test times are predominantly influenced by the shock tube length, despite variations of the
pressure in the driver and driven section. As shown in Figure 3.4 (¢) indicates a dominant
influence of shock tube length on overall test duration. These results highlight that while

stagnation conditions such as pressure and temperature are critical, the tube length plays
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Figure 3.3: Driven Section Halved (Py) = 3000 psi | (P1) = 750 psi [29]

a more substantial role in determining test times.

Variations in the driven pressure (Pj) significantly impacted stagnation pressure and
temperature. As depicted in Figure 3.4 (a), stagnation pressure was highest at the highest
P; (50 atm), while the greatest stagnation temperature in Figure 3.4 (b) was observed at the
lowest P;(0.5 atm). This indicates that P; is crucial in determining stagnation conditions
downstream of the shock tube. Lower driven pressures reduced stagnation pressures due to
less compression of the driver gas by the shock wave. Higher driven pressures resulted in

lower stagnation temperatures.

Elevated driver pressures (P4) increased stagnation pressures by energizing the shock
wave, enhancing compression as highlighted in Figures 3.4 (a) and (b). Higher driver pres-
sures also yielded higher stagnation temperatures. In shock tube experiments, higher driver
pressures led to shorter test times due to the increased energy imparted to the shock wave,
facilitating faster wave propagation. The combined effects are a consequence of pressure
ratio variations ( Py/P; ).

Summarizing the expected trends using Figure 3.4, we can see the critical importance of
both driver and driven pressures in determining the performance characteristics of the shock
tube, with stagnation pressures reaching around 0.7 times the maximum pressure (P4 max

= 5000 psi) and stagnation temperatures reaching up to 5 times the ambient temperature
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(Tamb = 300 K) and test time in the range of 3 ms - 16ms. We continue with the Full Length
cases as our earlier findings indicated that changes in length do not affect stagnation values.
Now we will now expand these these conditions through a lossless nozzle to design a shock

tunnel and present the corresponding data outputs.

3.2 Adding a Nozzle and Test Section

3.2.1 Trade-offs between test section size and Mach number

Having obtained the stagnation conditions from the shock tube analysis, we now expand
these by attaching a nozzle. A crucial parameter in this context is the upstream Mach
number (M,,), as illustrated in Figure 2.8. Observations from Figure 3.5 indicate that
M, increases rapidly with the size of the test section. The relationship between M,,),, test
section size, and Mach number reveals practical limits on the achievable size and Mach
number in the final facility. This calculation, while independent of the shock tube analysis,
underscores the system design limitations. A smaller throat diameter constricts the mass
flow, enabling efficient acceleration to the desired high Mach number in the test section.
Therefore, careful consideration of M,,, is essential for optimal performance. To determine
the upstream Mach limit for a given driven tube, we equate the mass flow rate in the driven
tube to that at the nozzle throat, based on the isentropic area relation. This ensures that
the driver tube mass flow rate matches the nozzle throat mass flow rate. Maintaining a low
M., helps achieve stable flow conditions by maximizing total pressure and temperature,
with M, < 0.1 typically required. For our test setup, the limit for M, is 0.05 [16].

In Figure 3.6 (a) and (b), we explore the effect of test section diameter on stagnation
pressure (P test) and stagnation temperature (7ptest). Assuming a lossless nozzle, we ac-
count for the non-isentropic nature of shockwave reflections, which results in a decrease in
total pressure due to the irreversible shock processes. The reflected shock wave compresses
and heats the flow, increasing entropy and leading to a reduction in total pressure down-
stream of the shockwave, that expands through the nozzle. However, a non-zero upstream
Mach number reduces both stagnation pressure and temperature within the test section

(Potest and Tp test), as described in Equations (2.3) and (2.4). To mitigate significant re-
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ductions in stagnation pressure and temperature, it is crucial to maintain a small upstream
Mach number. Thus, the throat diameter should be smaller than the pipe diameter. By
analyzing these reductions relative to the upstream Mach number (M), we can optimize
the test section size, minimizing the reduction in these losses in stagnation pressures and

temperatures while ensuring efficient flow conditions.

3.2.2  Variation in test section conditions at Mach 7

After obtaining the outputs using the nozzle, our focus shifted to observing variations
in pressures within the shock tube and exploring the trade-offs between these pressures

and the resulting stagnation conditions (FPptest) and (Tptest). We previously noted that
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Mach number has a marginal effect on the test conditions, and we ensured that they meet
the stability criteria for the upstream Mach number (M,,). Based on our analysis, we
determined that a test section diameter of 0.3 meters and Mach 7 would be a reasonable
balance to work with. From now , we will be proceeding only with a test section
diameter of 0.3 meters. It is important to note that the stagnation pressure (P test) and
stagnation temperature (7 test) in the test section values primarily exhibit sensitivity to the
driven pressure as indicated in Figure 3.7. This sensitivity is rational, as it is independent
of Mach number. In contrast, Mach number is more closely related to a reductions in
stagnation pressure and temperature, which, in turn, are associated with the size of the
test section. Similar to stagnation pressure and temperature, Reynolds number and enthalpy
are primarily sensitive to driven pressure. There is a clear and observable trade-off between
Reynolds number and enthalpy, with an increase in driven pressures leading to a reduction

in enthalpy but an increase in Reynolds number as depicted in Figure 3.8.
3.3 Variation in potential tunnel capabilities across a range of Mach numbers

The range of Reynolds numbers and enthalpies achievable for the full range of P; and Py
are now investigated for a range of test section Mach numbers. We acknowledge that the
upstream Mach number for the Mach 5 case is marginally above the 0.05 target threshold
for these calculations, which is not ideal, but they still serve to illustrate the potential range
of conditions achievable with the available pipes and chosen design.

The design of our shock tunnel allows for a broad range of Reynolds numbers, spanning
from 10° to 10® m™!, with the maximum Reynolds number achievable for a case of P, of
5000 psi and P; of 750 psi. The tunnel also exhibits a wide range of enthalpies, from 0.3
to 1.6 M J/kg, and maximum achievable enthalpy for a case of Py of 5000 psi and P; of 7.5
atm. Operating at the edges of these ranges would require careful monitoring and control
of the driver and driven pressures (P; and P;) to ensure stable and reliable operation.

Additionally, operating at higher Mach numbers may lead to diminishing returns in terms
of achievable Reynolds numbers and enthalpies, as the low becomes more compressible and
the energy exchange less efficient. The notable sensitivity of the Reynolds number to driven

pressure underscores the significant impact of driving conditions on flow characteristics
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as observed in Figure 3.9. Similarly in Figure 3.10, the total enthalpy decreases with an

increase in driven pressure indicating a clear trade-off with P;.

The static temperature in the test section decreases as the Mach number increases. Gas
condensation must be avoided in the test section of the final design so that its properties are
more clearly understood. As a result, the variation in the test section static temperature
is explored as a function of the full shock tunnel setup parameters (Mach number, P; and
Py) in Figure 3.11. To ensure the flow temperature exceeds the condensation point of 60 K,
we may need to either reduce the Mach number, heat the gas, or limit the operation to the

higher driver pressures or lower driven pressures where condensation is less likely.

Based on our analysis, we recommend a Mach number that works reasonably well for a
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range of P; and P, values for which we can operate the tunnel while avoiding condensation.
For example, we could work at a Mach number of 6 to 8 and a range of P, with (0.5 atm -
1 atm) and Py (1000 psi or above) that ensures the flow temperature remains above 60 K ,

which is chosen as the liquefaction of air for safety measures [42].

3.4 Contrasting Designs: UW Shock Tunnel vs UW Ludiweg Tube Configura-
tions

The test section conditions achievable with the above shock tunnel configuration are com-
pared to those that can be obtained for a Ludwieg tube configuration involving the use of
just the driven section pipe. The same gas (air) and maximum pressures are assumed, and

the gas is at ambient conditions during fill. The test section size for both facilities is 0.3
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meters. Full details of the Ludweig tube configuration were given in Section 2.3.1 and the
design was conducted by Marvin Bok [27]. The Ludweig tube tests (without heating) are
conducted for Mach 5, 7, and 10.

In considering the choice between Ludweig tubes and shock tunnels for hypersonic re-
search, it becomes evident that specific requirements play a pivotal role, particularly con-
cerning the desired trade-off between Reynolds number and enthalpy, as well as the balance
between stagnation pressure and temperature. As shown in figures 3.12 (a) and (b), this
trade-off is significant as a higher Reynolds number often necessitates a compromise on
enthalpy. Nonetheless, the close ranges observed for each Mach number ensure a degree of
flexibility for such compromises. For outputs (our facilities) necessitating a broader range
of Reynolds numbers, the Ludweig tube configuration may be favored, particularly at lower
Mach numbers. Conversely, if a wider range of enthalpies is imperative, especially at higher
Mach numbers, the shock tunnel configuration may be more advantageous.

Contrasting test times for the two facilities are shown in Figure. 3.13. The shock tunnel
configuration yields a relatively lower range of test times, with the best-case scenario (P =
1000 psi and P; = 50 atm) ranging from 12 to 16 ms. In contrast, the Ludwieg tube exhibit
test times, spanning from 95 to 98 ms. This trend is likely to be true, in general, because
the shock tunnel operates with significantly higher pressures and temperatures, leading to
shorter durations of steady test conditions. Conversely, the Ludwieg tube is designed to
achieve longer test times by maintaining a quasi-steady flow through a different mechanism
that relies on the controlled release of high-pressure gas from a reservoir, allowing for more
extended periods of stable flow conditions. This fundamental difference in operation modes

contributes to the observed variation in test times between the two facilities.

3.5 Comparative Analysis of the shock tunnel design with other reflected shock
tunnels

This comparative study evaluates the high enthalpy replication capabilities of our shock
tunnel facility in comparison to other leading facilities as indicated in Table 3.1 [18]. Unlike
table 1.1, table 3.1 emphasise is on stagnation conditions and test times for all types of

hypersonic facilities in particular, invoking a more diverse view. We have also incorporated
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an additional set of Reflected Shock Tunnel Facilities in the table such as SANDIA [25],
STEVENS [33] and HyperTERP [5], allowing us to for a detailed comparison.

Our facility excels in pressure capabilities, for a Mach of 10, offering a maximum pres-
sure (FPptest) of 26 MPa . This exceeds the capacities of well-known facilities such as the
Sandia Tunnel (18 MPa), HyperTERP (2 MPa), and JF12 (3.5 MPa). Additionally, our
facility achieves a maximum temperature (7psest) of 1500 K, surpassing the capabilities of
the HyperTERP (Maryland) and Stevens Shock Tunnel, as indicated in Table 3.1. We con-
ducted a detailed comparison with the other Reflected Shock Tunnels, as shown in Figure
3.14 using [18]. The test time (¢.) for our facility of 3-16 ms as depicted in figures 3.14 is
competitive and falls within the range of test times offered by other reflected shock tunnel
facilities in particular. It seems to be on par only with the LENS I facility that spans from
2- 18 ms. This comparison underscores the favorable test times achieved by our facility,
aligning closely with those of LENS I. It is noteworthy that we are able to be flexible with

a good range from 3 to 16 ms, which is the second largest range present. We have ex-
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Facility type Facility Po,max, MPa | To max, K | Test time Test Dia, m
Reflected shock tunnels | TH2 63 7400 2 ms—10 ms 0.586
JF12 3.5 2500 100 ms-150 ms | 1.5-2.5
T4 90 7540 0.5 ms—5 ms 0.135-0.375
TH5 85 10000 1 ms-2 ms 0.3
HEG 90 9900 1 ms-6 ms 0.43-0.88
HIEST 150 10000 2 ms- 5 ms 0.8-1.2
UW Shock Tunnel Design | 26 1500 3ms-16 ms | 0.3
Sandia 18 3700 2 ms - 3 ms 0.5
Stevens - - 1 ms - 4 ms 0.610
HyperTERP 2 1400 2.5 ms - 8 ms 0.305
HYPULSE 3000 8000 3 ms- 7 ms 0.3
LENS I 200 7000 2 ms - 18 ms 0.5-1.2

cluded JF12 from our analysis, as it has test times greater than 150 ms. Even though it

is a shock tunnel, it operates on a completely different principle, which is defined as the

Backward-running Detonation Driver. It uses a detonation process, where the shock wave

propagates backward, compressing the driver gas to a high pressure and has an extremely

large testing section, around 265 meters.
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Chapter 4

CONCLUSION

The design of a hypersonic reflected shock tunnel (RST) using available pipes within
the UW AA department has demonstrated significant capabilities in achieving precise and
high-performance test conditions. This study analyzed variations in pressure, temperature,
and test times across Mach numbers from 5 to 10, shock tube length, and pressures in the
driver (P4) and driven sections (P;), utilizing the WISTL code [29] from the University of

Wisconsin and incorporating nozzle expansion into the test section.

In our design, stagnation pressures reached up to 26 MPa and temperatures up to 1500
K. Test times of up to 16 ms were achieved with lower driver pressures (P =~ 500 psi) and
higher driven pressures (P; ~ 750 psi). The shortest test time of 3 ms was achieved by using
higher driver pressures (P =~ 1000 psi) and lower driven pressures (P; ~ 75 psi). The final
test section diameter was set at 0.3 meters, which was ideal for limiting the upstream Mach
number of the nozzle (maintaining the validity our assumptions). Additionally, a full-length
tube configuration was chosen to provide a wider range of test times.

To avoid condensation and ensure reliable flow dynamics, the final conditions were se-
lected based on maintaining flow temperatures above 60 K. This was achieved by carefully
controlling P; within a range of 7.5 to 150 psi and Py at values greater than 1000 psi. These
conditions prevented gas condensation in the test section. This range allows for Reynolds
numbers from 10° to 108 m~! and enthalpies varying from 0.3 to 1.6 MJ/kg. An optimal
Mach number range of 6 to 8 was identified, taking into consideration the upstream Mach
number and the static temperature limits and offering the best balance between achieving

high Reynolds numbers of 107 to 102 m~! and high enthalpy levels of 0.8 to 1.3 MJ/kg.
Compared to other facilities, our hypersonic RST achieves a broad range of Reynolds
numbers and enthalpies with precise control over test conditions, similar to other advanced

reflected shock tunnels. While RSTs excel in providing extended test times and flexible
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Reynolds nmber and enthalpies, Ludweig tubes offer longer test durations with higher repe-
tition rates, making them ideal for different types of high speed flows. This makes our RST
design particularly well-suited for in-depth, high-performance research applications.

In conclusion, our hypersonic RST design offers flexible and high-performance test con-
ditions, making it suitable for diverse hypersonic research applications. This comprehensive
approach has resulted in a reflected shock tunnel design that is comparable to other ad-

vanced facilities.
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