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Abstract. The features of 3D printing method for rapid prototyping and manufacturing of
models for a pulsed high-speed gas-dynamic experiment are considered. Modern additive
technologies allow the production of models. The basic properties of the materials and the
advantages of 3D printing methods are described. The structure and properties of the obtained
models can be unattainable using traditional manufacturing techniques. The design of the wind
tunnel nozzle block is considered, which provides for the production of profiled contours using
3D printing. The advantages and disadvantages of use of such units on the shock tube are
considered.

1. Introduction

The study of heat transfer between high-speed flows of weakly ionized gas and the solid surface of an
aircraft is an urgent task related with the solution of the problem of vehicles entering the atmosphere
of the Earth and other planets. An important scientific direction is the search and development of
effective methods for controlling high-enthalpy gas flows near the surface of high-speed aircraft. For
example, it seems promising to study the possibility of using gas discharges of various types and
configurations with the goal of global and local modification of the aerodynamic characteristics of
aircraft [1-4]. To successfully solve these problems, it is necessary to be able to experimentally study
heat fluxes to the surface of a body located in a supersonic and hypersonic gas stream with a
significant degree of ionization in a wide range of enthalpies. An important task for the development
of scientific ideas about heat transfer processes during high-speed motion is to obtain reliable
experimental data using pulsed aerodynamic installations and to compare these data obtained at
various installations with similar flow parameters. A relatively simple device for creating high-
enthalpy gas flows is a shock tube, coupled with a supersonic nozzle. As a rule in order to create a
flow in the nozzle located behind the end wall of the shock tube the shock wave is reflected from the
end flange and the flow characteristics in the nozzle are determined by the gas parameters
(temperature and pressure) in the region near the shock tube end wall [5]. An important technical step
in these studies is the development and manufacture of three-dimensional models of various shapes for
the implementation of their flow around a supersonic stream. The shape of the models in such
experiments can vary from simple geometric shapes and their combinations, such as a “cone-cylinder"
[6], hemisphere [7], wedge and half-wedge [8], to complex structures, for example models of descent
vehicles and space aircrafts with external and internal complex structural elements for installing
inserts of various materials, sensors and actuators.
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2. Model manufacturing technologies
The choice of material for the manufacture of the model is an important issue from different points of
view:

1. Since the model is surrounded by a high enthalpy gas stream, it is subjected to intense
mechanical and thermal stresses;

2. In the case when the incident flow has a sufficiently large degree of ionization (thermal, or
specially created using an auxiliary electric discharge), the conductive properties of the material also
become significant;

3. Models for a gas-dynamic experiment can have a complex structure, including fittings for
mounting sensors and inserts, as well as internal channels of various shapes.

For such cases, materials are required from which it is possible to qualitatively manufacture such
products. From the experimental point of view, the models are divided into those made of a dielectric
(and electrostatic charging of their surface in a hypersonic flow is possible) and models of electrically
conductive materials (to which it is possible to transfer the required electric potential).

Currently, all used model-making technologies can be divided into three broad categories:

- Additive technology (3D printing) [9-13], in which during the manufacturing process the material
is added to the workpiece or base to obtain a finished model;

- Traditional, usually subtractive technology, where material is removed from the workpiece (by
turning, milling, drilling and other methods);

- Combined, in which at different stages of manufacturing requires the use of different technologies
and methods (for example, casting, molding or machining of printed models).

In application for a gas-dynamic experiment, the technologies used require the following
capabilities:

1. Production of models with the required geometric, mechanical and electrophysical parameters;

2. Low manufacturing cost;

3. Quick processing of models if necessary;

4. Production of models in a given, usually short time.

Traditional technologies, as a rule, do not allow even a simple model (for example, a cylinder) to
be made in one operation. For example, after turning, drilling of mounting holes, milling of surfaces
and threading may be required to place the model in the experimental chamber. The installation of
various sensors on the model surface, for example, piezoelectric pressure sensors or heat flux sensors,
as a rule, requires complex internal channels in the model. In this case, the manufacture by traditional
methods may not be possible or require the implementation of many different operations, which
significantly increases the time of the study.

3. Features of 3D printing for a pulsed gas-dynamic experiment

Of all the manufacturing technologies, three-dimensional printing is especially distinguished, which
allows the technological production of a finished model from polymer and polymer-composite
materials in a minimum number of operations. Among the methods of three-dimensional printing, it is
worth noting:

1. Fused deposition, or fused deposition modeling (FDM), in which the model is formed layer by
layer when applying a molten polymer or polymer-composite thermoplastic material using an extruder
moving relative to the model using a precision numerically controlled drive;

2. Stereolithography (SLA), in which the model is obtained using selective layer-by-layer curing of
a photocurable polymer or polymer-composite material.

Both technologies under consideration allow the production of models in one step (with possible
simple refinement) in a short time. In this case, the material model is built on the basis of a computer,
which allows one to calculate the mechanical, thermal and electrical properties, as well as freely
modify it to meet emerging needs.

In a pulsed gas-dynamic experiment, the models related with high pulsed thermal and mechanical
loads, the free-stream temperature can reach thousands of K for times of the order of units of
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milliseconds, which both makes demands on the thermomechanical properties of the material used and
allows the use of polymers with a relatively low softening temperature. Thus, it is possible to produce
both practically monolithic models (Figure 1a), and porous ones with various internal structures,
pores, gradient or step filling (Figure 1b), and even light porous skeleton structures (Figure 1c¢).

Suitability criteria are:

1. The amount of shrinkage when printing, which determines the possibility of using the material
with a 3D printer without a working chamber with a stabilized temperature, ease of printing, as well as
the possibility of distortion of the size of the model when the material hardens;

2. The maximum operating temperature of the material in the solid state;

3. Static tensile strength, determining the possibility of using models in an aerodynamic experiment
with high mechanical loads.

() (b) (c)
Figure 1. An example of an almost monolithic internal model filling in CAD (a), a porous internal
structure with gyroidal filling, which is characterized by high strength (b) and a wallless frame gyroid
structure (c).

The main properties of the monitored polymeric materials for three-dimensional printing are presented
in table 1.
Table 1. The main properties of the materials for 3D printing.

Ne Name Density, | Printing Maximum Relative Static tensile
kg/m? method operating shrink when strength,
temperature, °C printing MPa
1 ABS 1.01-1.27 FDM 61.9-76.9 Significant 13.0-65.0
2 PLA 1.24 FDM 50.0-60.0 Low 13.6-38.1
3 | Polycarbonate | 1.18-1.20 FDM 145.0 Significant 30.0-75.0
4 PETG 1.27 FDM 51.0-73.0 Low 28.3-58.6
5 | Polypropylene. 0.9 FDM 100.0 High 40.0
6 Polyamide 1.06-1.14 FDM 60.0-100.0 Significant 32.0-70.0
(Nylon)

Of polymeric materials for printing prototypes in the manufacture of models by other methods, the
most suitable are:
e PETG, due to the simplicity of printing, the possibility of using the material with almost any
FDM 3D printer and the transparency of the material in unpainted form;
e PLA, due to the simplicity of printing and the possibility of using the material with almost any
FDM 3D printer.
The most suitable substance for producing models in order to obtain flow pictures in an
aerodynamic experiment from materials for printing by the method of layer-by-layer deposition are:
- ABS, due to the relatively high strength, relatively high operating temperature and relative ease of
printing, although it is recommended to use a thermal camera when printing;
- PETG, due to its ease of printing and relatively high strength and operating temperature.
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The range of materials for printing by stereolithography is quite wide, and for most materials
suitable for printing on semi-professional printers the manufacturer does not provide thermal
properties in the material documentation. To print models for prototyping and to obtain flow pictures
in an aerodynamic experiment one should select photopolymer material according to its mechanical
properties from the material documentation.

4. Axisymmetric nozzle block

In almost all wind tunnels for flow acceleration a geometric action is used known as the Laval nozzle.
To accelerate from zero speed to the speed of sound, a converging channel is used. Further
acceleration from the speed of sound to supersonic and hypersonic speeds occurs in an expanding
channel. For the acceleration of the gas flow, the cross section shape of the channel does not play a big
role. Therefore, the nozzle cross section is usually selected from technological considerations in the
form of a simple circle or rectangle [14]. Changing the area in length can also be arbitrary. However,
when choosing the law of changing the area along the length of the nozzle, a number of conditions
must be taken into account. The most important of them is the need to obtain a uniform distribution of
gas-dynamic parameters in the outlet section of the nozzle, which can be reached by using special
profiling methods [14-20].

The manufacture of nozzle contours from metal, especially profiled contours, is a rather
complicated and time-consuming process. Firstly, for the manufacture of such a part, even in an
assembly version, a metal billet is needed and its characteristic dimensions in length, width and height
must exceed the length of the nozzle and the dimensions of its outlet section, respectively. Moreover,
this excess should not only be the value of the thin-walled geometry at the exit of the nozzle, but also
exceed it by at least a few millimeters to ensure the corresponding tolerances and limits of the machine
tool which is used for processing workpiece. Secondly, the ratio of the volume of consumable metal
(i.e. material that is unsuitable for further use) to the volume of an all-metal manufactured part can
significantly exceed 1. It is the reason for the high material and labor costs of producing such a nozzle.
Thirdly, the preparation of such a nozzle contour can be carried out only by a highly qualified staff of
turners and millers due to the work complexity. Given the typical characteristic centimeter sizes of
nozzles of aerodynamic setup, high-precision compliance with all sizes of the geometric structure of
the contour (in particular, profiled) up to tenths of a millimeters is necessary. Otherwise, locking, flow
stalling, vortex flows, etc. can occur, which leads to local strength and temperature loads in the
contour. As a result, the manufactured nozzle will function in off-design mode or will not work at all.

When using three-dimensional printing methods, the plastic consumption of the printer will be
almost equivalent to the volume of the printed part. Small losses of material occur during heating in
the printer nozzles directly during printing, but they are incomparably small. It allows one to pre-
calculate the required amount of plastic for the manufacture of a model or a series of parts. Also, if it
is necessary to place registration sensors or optical observation windows of various geometries inside
the nozzle, the manufacture of the necessary holes becomes much simpler than in case of metal
processing. In fact, the placement parameters of such elements are set at the stage of designing the
model in CAD (Figure 2a), after which the geometry is sent for printing.

A significant drawback in the applicability of additive technologies for tasks of this kind lies in the
local-time problems of the process of directly three-dimensional printing, such as the amount of
shrinkage and distortion of the model size both during printing and during hardening of the material
[21-26]. When choosing ink for the manufacture of parts for an aerodynamic experiment with high-
level mechanical loads, it is important to remember the parameters of the working temperature of the
material in the solid state and its static strength. Thus, the quality indicators of the manufactured
models depend both on the used polymer material and on the conditions for the manufacture of the
model, so the choice of a 3D printer and material is an important criterion. However, local
irregularities, inhomogeneities and roughness that arose during the creation of the model can be
removed by polishing and abrasive surface treatment.
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It must be remembered that, due to their density, fragility and roughness, the printed plastic
elements cannot be used for fixing directly to the installation, since it will not be possible to provide
the necessary degree of sealing and vacuumization in the working sections of facility. In other words,
due to limitations on the materials used in 3D printing, it is not yet possible to consider the completely
plastic construction of the nozzle block. However, its accommodating and fastening elements can be
made of metal. A similar structure is proposed in this paper.

4.1. Scheme

The construction consists of three main elements (Figures 2b,c). Flange 1 is located between the
driven tube and the test section. It secures the nozzle block on the inner wall of the test chamber with
six through holes for studs and nuts with M 18 thread. The nozzle 2 is inserted into the flange 1 in such
a way that its inlet section is located in the end wall of the driven tube, and the outlet in the test
section. On the outside of the element there is a protrusion 5 mm high over the entire external cross-
section of the part. It serves to accommodate the flange 3, which is put on the output section of the
nozzle 2. On the flanges 1 and 3 there are six threaded holes for the M4 studs, which are used to fix
the entire nozzle block.

Figure 2. 26 ° conical nozzle contour (a) and different orientations of the nozzle block construction
(b-c) in SolidWorks CAD.

4.2. Flange 1

The main task of flange 1 is to serve as the basis for the entire construction. It is both the basic
element, to which all the others are fixed, and acts as a connecting link and provides a transition from
the end wall of the driven tube to the inlet of the test chamber. Figure 3 shows a model of flange 1.
The cylindrical surface 1 (Figure 3, yellow) serves to fix the end-wall nut with the hole in the nozzle
contour. To do this, on the surface 1 is a notch thread with an appropriate step. If during the design of
flange 1 there is a need for a deeper placement of the end wall (for example, to reduce the incident
shock wave propagation or to set the fixed distance between the recording element cross section and
the end wall, desired for investigation), the length of surface 1 can be increased. However, when
carrying out these operations, it is necessary to remember the nozzle contours planned for
implementation and the reduction in the ratio of their cross sections and the internal cross-section of
the driven tube depending on the immersion depth of the end wall. When the value of this ratio is close
to 1, it will not be possible to produce a nozzle 2 due to geometric constraints.
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surface 1

surface 2

Figure 3. Designed flange 1 model.

The geometric characteristics of surfaces 2 (Figure 3, red) coincide with the characteristic
dimensions of the output constructive element of the driven tube and are used to connect the sections
and place sealing materials and gaskets. Six through holes 3 (Figure 3, blue) are used to fix the nozzle
block from the inner wall of the test section using threaded studs M18 and nuts. Depending on the
mounting characteristics, the outer diameters of the surfaces, the number of holes and their sizes on the
flange 1 may vary during design for a particular experimental facility. Several threaded holes are made
(Figure 3, pink) for connection to flange 3 by using studs.

4.3. Nozzle 2

Unlike flanges 1 and 3, which are made of metal, the “nozzle 2” part is created using additive
technologies of three-dimensional polymer printing. The part model is designed in CAD, at this stage
the path of the nozzle contour and its profiling parameters are set. Figure 4 shows the designed three-
dimensional model of the conical section nozzle. Surfaces 3 (Figure 4, yellow) are designed to be
fixed in flange 1. For reliability of placement it can be modeled with a small tolerance of 0.1-0.5 mm
reduction along the perimeter of sections or sanded after printing. The membrane, which provides the
separation of the driven tube and the test section, is located on surface 4 (Figure 4, red) and is pressed
by the end-wall nut (Figure 2b), which is put on the flange 1. A protrusion is made at a certain distance
from the inlet section of the nozzle (surface 5, highlighted blue in Figure 4) designed to accommodate
flange 3.

Figure 4. Nozzle 2 model in SolidWorks CAD.

When modeling a part, it is important to take into account the characteristics of the 3D printer used
and the useful geometric dimensions of its work area to avoid twist and warping of model during
printing. If the ratio of the length of the nozzle to its width is greater than 1, one can design several
connected parts that form a common contour. An example of such a simulation is presented in Figure
5. To connect the parts to each other, protrusions with similar dimensions are made (surfaces 6 and 7,
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Figure 5, highlighted in pink). After printing, finished parts in these places are processed with plastic
glue and fastened together.

Figure 5. Two possible parts of Nozzle 2

4.4. Flange 3

This part is made of metal and is intended for fastening the entire nozzle block. It is located on the
protrusion of the nozzle 2 and has holes, symmetrically located relative to the similar holes of the
flange 1. Using the studs and nuts, the structural elements are fixed to each other (Figures 2b,c).
Depending on the design parameters of the nozzle 2 and to increase its output section, the dimensions
of the part can be changed by manufacturing a flange with a wider inner diameter.

5. Conclusion

Modern additive technologies allow the technological production of models suitable for use in a
pulsed gas-dynamic experiment as well as their prototypes in a minimum time and a minimum number
of stages on available equipment. The basic properties of the materials used and the advantages of
three-dimensional printing methods were described, which allow creating models with rather complex
geometric features due to the wide possibilities in their design. The structure and properties of the
obtained models can be unattainable using traditional manufacturing techniques.

The designed construction of the axisymmetric nozzle block described in this work can be used in
experimental aerodynamic facilities with a long working time, where the characteristic diameters of
the nozzle exit section do not exceed several tens of cm, and the temperature parameters of the
incoming flow do not exceed 60-100 ° C. These values today are typical indicators of the useful print
area of most 3D printers and the maximum operating temperature for most materials used in additive
technologies and available on the market. This design can also be used in gas-dynamic setup of short
duration and shock tubes, since the main heating occurs in the area in front of the metal end-wall nut
of the nozzle 2 inlet section, and the period of high enthalpy loads directly on the nozzle contour is up
to several tens of ms, which is relatively small for the limit values of the integral thermal load of
materials. It can be noted that the presented logic of nozzle block design can be applied for the
manufacture of parts and their use in facilities operating with flat rectangular nozzles.
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