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Summary of Doctoral Dissertation

Title of Doctoral Dissertation:
A Study of Gas Dynamics and Particle Behavior in Cold Spray

Name: Morita Hiromitsu

This thesis describes the experimental validation of nozzle performance in the development process of converging-diverging
Cold Spray (CS) nozzle. There are 5 chapters in this thesis.

Chapter 1 describes a brief explanation of surface finishing modification techniques, including thermal spray and CS. The
detailed explanation about literatures of CS research is provided in this chapter. In literature review section, the study of gas
dynamics, the particle behavior and the measurement of particle velocity are included. The objectives of this study are also
described in this chapter.

Chapter 2 describes the investigation of the accuracy in estimating the stagnant temperature, total temperature, of CS gun, by
calculating it based on 1) gas dynamics theory, and 2) outer-surface metal temperature, of CS gun. In the method 1), the
cross-sectional area of the nozzle throat is obtained by highly accurate mass flow rate, stagnant temperature and stagnant pressure
at room temperature of the process gas. Then, the mixing gas temperature of CS nozzle is obtained by the cross-sectional area of
the nozzle throat and the stagnant gas pressure at elevated temperatures of the process gas. The mixing gas temperature
calculated based on the gas dynamics theory is almost identical to the measured mixing gas temperature at the nozzle entrance.
The maximum deviation of the calculated value to the measured one is 4%. From the consideration conducted by quasi
one-dimensional calculation expressing in Chapter 3, the temperature difference of 4% affects the velocity of 10pum copper
particle by around 1.6% at the nozzle exit. In the method 2) , evaluated temperature gas was used for the measurement of
outer-surface metal temperature and the heat transfer calculation of CS nozzle. From the heat transfer calculation result, the
outer—surface metal temperature at nozzle throat becomes closest to the corresponding total temperature at the throat. However,
the temperature difference between the outer-surface metal temperature and the total temperature at throat in the experiment is
larger than the calculated result. This difference implies that heat transfer in the axial direction of the nozzle cannot be neglected
in this calculation.

Chapter 3 described the method of estimating the axial distributions of the gas temperature, Mach number, gas velocity and
static pressure in the CS nozzle using the outer surface metal temperature measurement using an infrared camera. In addition, the
result obtained by this estimating method is compared with the results of the wall static pressure, Pitot pressure at the nozzle exit
and quasi one-dimensional calculation. From the experimental results, it is shown that the proposed method can be used to
diagnose the location of shock wave and following pressure rise in the nozzle from the outer surface metal temperature
distributions. In the case of the gas flow without shockwave in the nozzle, experimentally obtained Mach number, gas
temperature, gas velocity and static pressure lie within two curves obtained by heat transfer calculation with nozzle surface
temperature, under the assumption of turbulent/laminar boundary layers in the nozzle. Mach number, gas temperature and gas
velocity obtained by the heat transfer calculation under the assumption of turbulent boundary layer is almost identical to Mach
number, gas temperature and gas velocity obtained averaged over the cross-sectional area obtained by Pitot pressure measured at
the nozzle exit. In the case of the gas flow with a shockwave in the nozzle, the experimentally obtained Mach number, gas
temperature, gas velocity and static pressure differ from the two curves obtained by the heat transfer calculation with nozzle
surface temperature measurement, under the assumption of turbulent/laminar boundary layers in the nozzle. This is because the
recovery factors for laminar/turbulent flow used in this heat transfer calculation cannot be applied to separated flows.

Chapter 4 aims to clarify the relationship between 1) mean particle velocity at the specific point in a flow field measured by
cross-correlation Particle Image Velocimetry (P1V) and 2) corresponding mean particle diameter, using one-dimensional model
in CS. Nitrogen and helium gases are selected as working gas in this calculation. The stagnant pressure and the stagnant



temperature are set at 2MPa and 300°C, respectively. The powder material selected is copper, and four distributions of particle
diameter are given by lognormal distribution. Special attention is paid to the particle velocity at the nozzle exit center in this
study. The calculated results show that the arithmetic mean value of length/area-averaged diameters provides the closest velocity,
corresponding to the particle velocity obtained by the cross-correlation PIV method.

In Chapter 5, the results obtained in this study are summarized.



