
 

DESARROLLO DE UN SISTEMA DE 
INYECCIÓN DE PARTÍCULAS 
TRAZADORAS PARA EL ESTUDIO 
DE UNA CÁMARA DE COMBUSTIÓN 
CON DETONACIÓN ROTATIVA 
 

FEBRERO 2020 

Alejandro Ley Garrido 

DIRECTOR DEL TRABAJO FIN DE MASTER: 

Jesús Casanova Kindelán 

 

A
le

ja
n

d
ro

 L
e

y
 G

a
rr

id
o

 

 
TRABAJO FIN DE MASTER 

PARA LA OBTENCIÓN DEL 

TÍTULO DE MASTER EN 

INGENIERÍA INDUSTRIAL 

 



UNIVERSIDAD POLITÉCNICA DE MADRID 

 

ESCULA TÉCNICA SUPERIOR DE 

INGENIEROS INDUSTRIALES 

 

Departamento de Ingeniería Energética 

 

             

 

Tracer particle injection scheme for      

Rotating Detonation Combustor 

Master’s Thesis 

 

Author: 

Alejandro Ley Garrido 

Tutor from the Polythecnic University of Madrid: 

Jesús Casanova Kindelán 

Tutors from the Technical University of Berlin: 

Myles Bohon 

Eric Bach 

Febrero 2020 

 



 

 

  



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

To my parents and my brother, 

for their unconditional support 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

V 

 

 

 

 

 

 

ACKNOWLEDGMENTS 

 

First, I would like to thank the Technical University of Berlin for letting me study in their 
University and realize this work. Especially to the department of Fluid Mechanics and 
Technical Acoustics of this university, in which I have been very well treated at every time and 
has allowed me to employ their resources to carry out the research done in this thesis. 

I would also like to thank to my two tutors in this department. Thanks to Myles Bohon for 
providing me the opportunity of taking part in this interesting project with the rotating 
detonation combustor, which has a lot of possibilities for the future. Not only he has supervised 
my work, but by working by his side I have been able to gain a wide knowledge essentially 
about fluid mechanics, but also about many aspects from other fields. At the same time thanks 
to Eric Bach for guiding me always in my work. He has taught me how to work in such a 
laboratory, with all the information about how to proceed in experimental procedures. I have 
also received many important lessons about fluid mechanics from him. 

The workshop from this department has also offered me help many times, when mechanic 
works needed to be done for the experiments. Therefore, I would like to thank all the people 
involved in it, especially to Lieke, who showed me how to use the necessary machines every 
time it was needed. 

To finish I would like to thank also the Polytechnic University of Madrid and my tutor in this 
work, Jesus Casanova Kindelán. Apart from helping me to finish this work with the appropriate 
quality with his advices, he was also my teacher in some subjects in the past, and I will never 
forget the important lessons received from him in the field of mechanic engines. This University 
has provided me most of the knowledge that I possess today, and I am very grateful to all the 
people working in it for helping me in my university cycle. 

 

  



 

VI 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

VII 

 

 

 

 

 

 

RESUMEN 

 

Este Trabajo de Fin de Máster trata sobre el desarrollo del motor con detonación rotativa. 
Este motor es una alternativa a los motores de combustión, mayoritariamente empleados en 
la industria hasta la fecha, que ofrece varias ventajas, entre las que destacan su alta potencia 
y su mayor eficiencia. Ventajas como estas propulsan su desarrollo para sustituir a los 
actuales motores de reacción. Con el proceso de detonación con el que trabaja, este motor 
consigue generar un mayor empuje gracias a la alta aceleración de los productos de 
combustión hacia la salida, provocada por la alta presión que sufren tras la reacción química. 
A su vez, como se mencionará más adelante, el motor con detonación rotativa es capaz de 
producir este empuje continuamente y con una alta eficiencia. Por ello se trabaja en su 
desarrollo para su futura aplicación en motores de reacción de cohetes, al ser capaz de crear 
un alto empuje con un menor gasto energético. 

Este motor trabaja siguiendo el ciclo de detonación de Humphrey. En este ciclo el volumen 
permanece constante y la presión alcanza valores más altos en comparación con los otros 
ciclos de combustión (ver figura 1, gráfica izquierda). Este principio de combustión con 
ganancia de presión permite alcanzar un rendimiento termodinámico más alto en el proceso, 
ya que la rápida liberación de calor provoca que la entropía generada sea menor (ver figura1, 
gráfica derecha)(Bulat and Volkov 2016a). Por ello, otra de sus posibles aplicaciones podría 
ser como cámara de combustión en turbinas de gas, reemplazando el ciclo Bryton. Sin 
embargo, el alto grado de evolución de las turbinas de gas actuales comparado con la todavía 
fase de desarrollo en que se encuentra este motor, impide ni si quiera pensar en una 
aplicación en este ámbito hasta el momento. 

 

Figure 1. Comparación de ciclos de Humphrey y Bryton (Prisacariu, Rotaru, and Niculescu 2019) 

A pesar de todas sus ventajas, la alta inestabilidad del flujo en este motor con detonación en 
rotación impide hasta la fecha su uso en aplicaciones reales. Dicha inestabilidad no permite 
predecir cómo se comportará el motor en ciertas condiciones, lo cual es un gran inconveniente 
que debe ser superado. Hasta que no se conozca el comportamiento específico de las ondas 
que fluyen por el motor, no se podrá utilizar dicho motor con seguridad. 
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Los motores con detonación rotativa funcionan mediante ondas que viajan por una cámara 
anular en constante rotación. Combustible y oxidante son detonados una primera vez 
mediante una chispa, con lo que comienza el movimiento de las ondas en rotación. La alta 
presión y temperatura que poseen estas ondas causa la sucesiva detonación de los 
reactantes que son continuamente introducidos en la cámara de combustión. Esta idea de 
detonación autoproducida origina la alta eficiencia con la que trabajan estos motores. Las 
ondas giran con un ángulo azimutal, con una cierta componente axial en la velocidad, a una 
alta frecuencia hasta que acaban por salir de la cámara anular, originando la propulsión. La 
alta frecuencia de rotación propicia que los productos de la detonación salgan de la cámara 
de combustión a una alta velocidad, creando un alto empuje que podría ser aprovechado para 
aplicaciones de propulsión en un motor de reacción. 

El estudio de este tipo de motores comenzó a finales de la década de 1950 con las 
investigaciones de Voitsekhovsky en el instituto Lavrentyev de hidrodinámica en Siberia y 
poco tiempo después del grupo del departamento de ingeniería aeronáutica y astronáutica de 
la universidad de Michigan (Bulat and Volkov 2016b) (Arbor 1966). Estos precursores dieron 
con la idea y analizaron su factibilidad. Sin embargo, fue Bykovski, alrededor de 1997, el 
primero en conseguir una serie de detonaciones autosostenidas, dando un gran salto en el 
desarrollo de este motor (Bykovskii, Zhdan, and Vedernikov 2006). En la actualidad el estudio 
se centra más en entender los fenómenos que ocurren dentro del motor para buscar mejoras 
que reduzcan la inestabilidad que gobierna el proceso. 

La continuidad en la operación de este motor no solo ayuda a conseguir su alta eficiencia, 
sino que además reduce las fluctuaciones de flujo a la salida del motor, generando una mayor 
densidad de energía producida. La eficiencia térmica de este motor es un 20% más alta que 
la de los motores comunes de deflagración, dado a que la rápida liberación de calor se traduce 
en un menor incremento de la entropía (Nordeen 2013). Otra de sus ventajas recae en la 
simpleza de su diseño, el cual no requiere de un gran presupuesto. Este diseño simple viene 
acompañado de un tamaño pequeño, lo cual es otra ventaja en aplicaciones de propulsión, 
al sumar menos peso al conjunto. 

Por otro lado, se generan pérdidas por los remolinos a la salida y la no detonación de una 
fracción de los reactantes. La inestabilidad en su operación y la necesidad de un sistema de 
refrigeración con un alto coeficiente de transferencia de calor son probablemente los mayores 
problemas de este motor. La alta frecuencia de las ondas tras la detonación origina altas 
temperaturas que deben ser compensadas con un conjunto de canales de refrigeración 
adecuados, si se desea un uso prolongado del motor. 

El grupo del instituto de fluido mecánica y acústica técnica de la universidad técnica de berlín, 
liderado por Myles Bohon, Eric Bach y Richard Blümner, ha trabajado desde 2016 en el 
estudio y desarrollo de un prototipo de la cámara de combustión de este motor con detonación 
rotativa. Sus investigaciones los han llevado a entender mejor el comportamiento de la 
cámara de combustión, confirmando la presencia de dos ondas rotando en sentidos contrarios 
para bajos flujos de masa circulando por la cámara anular, mientras que cuando este flujo de 
masa se aumenta una de las dos ondas desaparece, permaneciendo solo una. 

En este trabajo se realizarán experimentos de dispersión de Mie, lo cuales consisten en la 
visualización del flujo a raíz de grabar el movimiento de partículas lo suficientemente 
pequeñas como para fluir a la misma velocidad que el flujo. Experimentos más complejos de 
velocimetría de imágenes de partículas (PIV) se dejarán planteados en este trabajo para su 
futura aplicación, pero no entrarán dentro de su alcance. 

Este trabajo debería ayudar a entender mejor el comportamiento de las ondas que fluyen por 
la cámara de combustión, con el fin de aclarar la antes mencionada inestabilidad en la 
operación, apoyando así al objetivo final del grupo de investigación, que no es otro si no el 
desarrollo del motor con detonación rotativa. En cuanto a los objetivos específicos de este 
trabajo, en primer lugar, se buscará una buena distribución de partículas por todo el flujo que 
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permita una buena examinación suya. Una vez sabidas las condiciones con las que se puede 
obtener una distribución satisfactoria de partículas en el flujo, el siguiente objetivo es observar 
el comportamiento de dichas partículas para obtener información sobre el flujo saliente de la 
cámara de combustión. 

Los motores con detonación en rotación obtienen el trabajo con el ciclo de detonación, el cual 
trabaja con el principio de ganancia de presión de combustión, manteniendo un volumen 
constante. Las altas presiones obtenidas en la detonación permiten generar un mayor trabajo, 
aumentando el área del diagrama p-v, como se pudo apreciar en la figura 1. Este factor unido 
a la menor generación de entropía mencionada anteriormente explica la mayor eficiencia 
termodinámica del ciclo de detonación (54%) en comparación con otros ciclos, como el ciclo 
Bryton (36%) (Wintenberger 2006). 

En el funcionamiento de este motor, las ondas de flujo están lideradas por una onda de 
choque (pintada en color rojo en la figura 2) que contiene la energía de activación necesaria 
para provocar la detonación de los reactantes. La alta presión generada en la detonación 
promueve la alta velocidad a la que viajan las ondas dentro de la cámara de combustión (en 
el orden de km/s), originando su rotación a altas frecuencias.  De esta forma, al ser los 
reactantes constantemente introducidos, las detonaciones ocurren muy rápido y son capaces 
de mantenerse en el tiempo. Las ondas no rotan circularmente solamente, si no que su 
velocidad tiene una pequeña componente axial. Tras sufrir la detonación, los productos de la 
detonación crean una onda de choque oblicua al expandirse en dirección a la salida. Esta 
onda de choque contiene una menor energía y no produce la detonación, si no la combustión 
de los reactantes, con lo que se pierden prestaciones. La alta frecuencia de rotación de las 
ondas las lleva a alcanzar altas velocidades axiales, que son la causa de la alta propulsión 
que puede generar este motor. 

 

Figure 2. Ondas en un motor con detonación rotativa (Napolitano, 2019) 

Los experimentos de dispersión de Mie pueden ser utilizados para la visualización de flujos 
gaseosos o líquidos. La técnica consiste en grabar un flujo, al cual se le han inyectado 
partículas, y estimar el comportamiento de dicho flujo a raíz de la interpretación del 
movimiento de las partículas. Debido a la alta velocidad del flujo y al pequeño tamaño de las 
partículas, la cámara ultrarrápida no sería capaz por sí misma de tomar imágenes claras del 
flujo, ya que el tiempo de exposición de la cámara, el cual es el tiempo en el que la luz llena 
el sensor, sería muy grande. Por ello las partículas deben ser iluminadas con luz láser, para 
que cuando las partículas dispersen dicha luz, esta llene más rápido el sensor de la cámara. 
Por ello la capacidad de la luz láser y de dispersión de luz por parte de las partículas adoptan 
una gran importancia en estos experimentos. 

Las ecuaciones formuladas por Mie que rigen este tipo de experimentos son explicadas en el 
apartado 3.2. Estas fórmulas indican la influencia del ángulo de dispersión en la dispersión 
de la luz por parte de las partículas. Estas ecuaciones han sido utilizadas para crear las 
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simulaciones de programas encargados de analizar grabaciones de flujos con partículas, 
como el PIVview 2C/3C, al cual se hace referencia en este trabajo. 

Dentro de los experimentos de visualización de flujo más avanzados se encuentra la 
Velocimetría de Imágenes de Partículas, más conocido por su nombre ingles Particle Image 
Velocimetry (PIV), técnica con la cual se calcula la velocidad del flujo. Este experimento no 
entra dentro del alcance de este proyecto, sin embargo, ante la proyección de realizarse en 
un futuro en este instituto se ha hecho un estudio sobre él. Este experimento requiere de un 
sistema láser pulsado más potente que el empleado en los experimentos de este trabajo para 
registrar imágenes más precisas del flujo en las que se puedan identificar las partículas con 
mayor claridad. 

Existen dos métodos comunes para realizar la técnica PIV. En primer lugar, el método de 
marco-múltiple y exposición-única, y en segundo lugar, el método de marco-único y 
exposición-múltiple. La sincronización de la cámara con el láser es distinta en ambos 
procesos, pero en ambos las sucesivas imágenes son comparadas entre sí para el cálculo 
de la velocidad. Esta comparación se realiza con una correlación cruzada o autocorrelación 
respectivamente, en la que las intensidades de todos los píxeles de ambas imágenes se 
multiplican en cada posición relativa entre ambas imágenes, buscando aquella posición 
relativa en la que la correlación sea mayor. El desplazamiento de una imagen frente a la otra 
en dicha posición relativa se corresponderá con el desplazamiento de las partículas en el 
intervalo de tiempo entre las dos imágenes, con el cual se podrá determinar la velocidad. Los 
métodos son similares, pero las ecuaciones que guían el proceso tienen ligeros cambios. La 
correlación cruzada presenta varias ventajas frente a la autocorrelación, como la no 
ambigüedad de la dirección del flujo, una mayor flexibilidad con el tiempo entre imágenes y 
un mayor ratio señal/ruido.  

La técnica PIV identifica el comportamiento de patrones de grupos de partículas para calcular 
la velocidad. Por ello, para calcular la velocidad en cada parte del flujo, la imagen se divide 
en pequeñas secciones, las cuales deberían incluir al menos 10 partículas, de las cuales por 
lo menos 4 tengan su pareja en la imagen siguiente. Además, solo se calculan 
desplazamientos lineales, por lo que estas secciones deben ser lo suficientemente pequeñas 
como para poder despreciar los efectos de segundo orden. Cuanto más pequeñas sean estas 
ventanas, menos posiciones relativas entre imágenes habrá y consecuentemente menos 
operaciones deberá realizar el software, propiciando un menor tiempo de computación. Sin 
embargo, al tener menos partículas en secciones más pequeñas, el error cometido en las 
mediciones puede ser mayor. Diferencias en el tamaño de las partículas pueden ser 
perjudiciales en el resultado final, ya que las partículas más grandes pueden dispersar más 
luz y ser más influyentes en el cálculo de la correlación. Por ello es importante obtener una 
buena dispersión de partículas en la región de estudio. El tamaño de las partículas también 
debe ser considerado, ya que si son muy pequeñas en relación a los píxeles, una partícula 
podría estar en el mismo pixel en imágenes consecutivas, resultando en una velocidad nula 
según el método. Se recomienda que las partículas ocupen un tamaño de entre 2 y 4 píxeles. 
Una vez calculados los vectores de velocidad, el post-procesamiento de esta técnica incluye: 

• Eliminación de los vectores incorrectos. 

• Reducción de todos los datos. 

• Presentación gráfica y numérica de los resultados. 

• Análisis de los resultados. 

Los experimentos de este trabajo se realizaron en el laboratorio PDK III del instituto de fluido 
mecánica y técnica acústica de la universidad técnica de berlín, el cual es utilizado por los 
grupos del motor con detonación en rotación (RDE) y del motor con detonación en pulsación 
(PDE). Esta habitación tiene una entrada de aire comprimido a 12 bar y líneas de combustible 
de nitrógeno (N2), gas natural (CH4) e hidrógeno (H2). Este último es el utilizado en los 
experimentos correspondientes a este trabajo. 



 

XI 

La cámara de combustión desarrollada por este grupo tiene un diseño radial hacia el interior. 
Está compuesta de un cuerpo principal consistente en una cámara anular cilíndrica con un 
diámetro exterior de 90mm y una altura de 7,6mm, que cuenta con discos cilíndricos en sus 
dos extremos. En el extremo de la entrada se sitúa la cámara de aire, correspondiente al 
disco más grande. Este diseño implica que el oxidante (aire) es introducido radialmente por 
una entrada cilíndrica de 1,6mm de ancho. Por otro lado, el combustible (hidrógeno) entra 
axialmente a través de 100 agujeros homogéneamente espaciados de 0,5 mm de diámetro. 
Combustible y oxidante necesitan ser bien mezclados, por lo que se juntan mediante una 
configuración de flujo cruzado (ver figura 3), para posteriormente ser detonados. La longitud 
de la cámara anular es variada según las condiciones buscadas en cada experimento. Este 
cuerpo principal contiene agujeros que sirven como entradas, mayormente usados para 
sensores de presión. Estos están divididos en cuatro filas, cada una de ellas contando con 
tres agujeros. En los experimentos de este trabajo estos agujeros servirán como entradas 
para las partículas y no para sensores. Solo dos sensores de presión fueron colocados en la 
cámara de aire durante estos experimentos. 

 

Figure 3. Diseño interior y exterior de la cámara de combustión con detonación rotativa de la TU Berlín 

Para el confinamiento de las partículas saliendo de la cámara de combustión se diseñó una 
caja que envolvía dicho cuerpo. Esta caja envolvía el cuerpo principal de la cámara de 
combustión y se alargaba hasta una chimenea de succión de aire, por la cual las partículas 
saldrían de la sala. El marco de esta caja se construyó con perfiles de aluminio ranurados en 
T, los cuales se sustentaron sobre otro marco de perfiles de aluminio, que a su vez también 
servían de sustentación de la cámara de combustión (este segundo marco se puede observar 
en la figura 3). Los distintos perfiles se unieron entre sí mediante uniones de 90º de plástico 
y metal con tornillos y tuercas. En cuanto a las paredes de la caja, en el área más cercana a 
la salida de flujo de la cámara de combustión se colocaron paneles de Plexiglás, ya que se 
necesitaba transparencia para el paso de la luz láser y la grabación del flujo. A una distancia 
más avanzada aguas abajo en la caja se utilizaron paneles de aluminio, donde esta 
transparencia ya no era necesaria. Para conducir las partículas de la caja a la chimenea de 
succión se introdujeron lonas de plástico para que las partículas no pudiesen salirse y 
expandirse por la habitación. Estas se pueden ver en la figura 5. 

Para generar el flujo de partículas que entran a la cámara de combustión se utilizó la máquina 
generadora de partículas PIVsolid8 del proveedor PIVTEC GmbH. Este aparato contiene 
polvo de partículas en un plato inferior, el cual al ser aireado sale con el flujo, convirtiéndose 
en una cama fluidizada. Tras la entrada de aire existe una válvula 3/2 que puede dirigir el aire 
hacia la parte inferior, propiciando el mencionado flujo con partículas, o hacia un bypass, 
usado cuando no se quiere que ninguna partícula fluya hacia la cámara de combustión. La 
entrada de aire tiene establecida una presión máxima de 16 bar, mientras que este valor 
permanece a la salida en 8 bar. El proveedor recomienda que la presión a la salida de la 
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máquina generadora de partículas sea la mitad de la presión que existe en la entrada 
(Principal and Notes n.d.). 

En la suministración de partículas a la cámara de combustión se debe evitar su aglomeración. 
Para ello se colocó la máquina generadora de partículas lo más cerca de la cámara de 
combustión para acortar el recorrido. A su vez, para cubrir todas las necesidades de esta 
suministración, el diseño de la línea de entrada siguió el esquema mostrado en la figura 4. En 
este diseño la línea principal de suministro se divide en dos; una que dirige las partículas a 
las entradas de la cámara de combustión y otra cuya salida se encuentra cerca de la región 
de interés cerca de la cámara de combustión. Esta última tiene el propósito de inyectar más 
partículas por esta zona para conseguir una mejor distribución de las partículas alrededor de 
toda la sección de estudio. En este diseño, las válvulas de cierre sirven para cortar el flujo de 
partículas una vez terminado el experimento o cuando solamente se necesita que estas 
entren a la cámara de combustión, mientras que las válvulas de aguja sirven para controlar 
la presión a la que entran las partículas en la región de interés. Para que las partículas puedan 
ser introducidas en la cámara de combustión, la presión de la línea de suministro debe ser 
mayor que la existente en el interior de la cámara. Para ello se estudiaron experimentos 
realizados en el pasado para observar las presiones que deben ser superadas. Se obtuvieron 
valores máximos de presión de 2,3885 bar para experimentos con un mayor flujo de masa 
circulando por la cámara (300 g/s), y de 1,0529 bar en aquellos casos en los que el flujo de 
masa era menor (100 g/s).   

 

Figure 4. Línea de suministro de partículas 
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Para grabar el flujo con partículas se utilizó la cámara ultrarrápida FastCam SA 1.1 de la 
empresa PHOTRON. Esta cámara utiliza un sensor CMOS de 20 µm pixeles. Mantiene una 
resolución de 1024x1024 píxeles para un número de hasta 5400 imágenes por segundo. La 
resolución va disminuyendo a medida que el número de imágenes por segundo aumenta, 
hasta tener una resolución de 64x16 píxeles para 675000 imágenes por segundo (FastCam 
SA 1.1 n.d.).  

La iluminación de las partículas se llevó a cabo con el sistema láser finesse 4/5/6 de la 
compañía Laser Quantum. Se trata de un láser de estado sólido, bombeado por diodos de 
clase IV, que emite luz verde en la región visible del espectro. Es capaz de suministrar una 
potencia máxima de 4W. A la salida del láser se colocó un brazo robótico formado por barras 
con cristales reflectores a sus extremos para otorgar más grados de libertad a la introducción 
del láser a la región de interés de los experimentos. Tras montar todas las partes del sistema 
láser se procedió a su alineamiento, proceso en el cual todos los cristales reflectores 
presentes en el camino del láser van siendo ajustados desde el primero al último 
ordenadamente para asegurarse que el rayo láser sigue el camino adecuado. Al final del 
brazo robótico, se añadió un sistema de lentes para formar la sección rectangular láser 
necesaria para iluminar las partículas en toda la región de estudio. 

Las partículas utilizadas para este experimento deben ser capaces de seguir el movimiento 
flujo, igualando su velocidad en todo momento y atendiendo de esta forma a todos los 
cambios instantáneos de velocidad. Cuanto más pequeñas sean dichas partículas, menor 
será su inercia y mejor se adaptarán al movimiento del flujo. Por otro lado, cuanto mayor sea 
su tamaño, mayor cantidad de luz dispersarán. Se debe buscar el tamaño adecuado en este 
balance para conseguir buenos resultados en los experimentos. Se debe tener en cuenta que 
la grabación de las partículas se realizará en dirección perpendicular a la dirección incidente 
del láser. La mayor dispersión de luz se consigue con la misma dirección, pero debido a las 
condiciones de la cámara para conseguir imágenes adecuadas y del espacio disponible en el 
laboratorio esta será la configuración empleada. Para los experimentos se utilizarán 
partículas de óxido de titanio (TiO2), las cuales generaron buenos resultados en las 
investigaciones llevadas a cabo por Mohammad Rezay y su grupo en el mismo departamento. 
En este experimento estas partículas metálicas son imprescindibles para aguantar las altas 
temperaturas presentes dentro de la cámara. Las ondas de choques a las que se enfrentan 
las partículas pueden ser un problema en cuanto a la aglomeración de partículas, ya que 
tienden a ser guiadas a las zonas de más baja aceleración, impidiendo una buena distribución 
de las partículas por toda la región. El tiempo de respuesta de las partículas a los cambios de 
velocidad no es tan importante en este experimento, ya que las partículas se introducirán 
dentro la cámara de combustión, mientras que las mediciones tomarán lugar más adelante 
en su salida. 

Antes de comenzar con los experimentos todo debió ser preparado con el fin de conseguir 
posteriormente un proceso experimental exitoso en el que no hubiese errores. En primer 
lugar, se situó la cámara de combustión en frente de la chimenea de succión. Una vez allí, se 
montó la mencionada caja formada por perfiles de aluminio alrededor del cuerpo principal de 
la cámara de combustión. En su final se unieron con tornillos las lonas de plástico. Los 
extremos opuestos de dichas lonas se unieron a la chimenea de succión con cinta adhesiva, 
ya que la presión ejercida en esta posición sería menor. En este tipo de experimento las 
reflexiones de la luz láser deben ser evitadas, no solo porque pueden alterar los resultados, 
sino porque las reflexiones de alta intensidad pueden también dañar el sensor de la cámara, 
que no está preparado para absorber tanta energía. Por ello todos los perfiles de aluminio, 
tornillos, uniones y demás elementos metálicos fueron cubiertos con una cinta negra. El disco 
cilíndrico de la salida de la cámara de combustión, así como aquellas partes del cuerpo 
principal que iban a ser impactadas por la luz láser fueron cubiertas con una cinta especial 
negra anti-reflectiva, buscando una mayor seguridad frente a las reflexiones. La lámina de 
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Plexiglás situada en el lado opuesto a la cámara se cubrió con una lámina de aluminio para, 
además de reducir reflexiones, conseguir un fondo negro que supusiese un buen contraste 
en las posteriores imágenes tomadas. También la lámina de Plexiglás situada en la parte 
inferior se cubrió con cinta negra para parar la continuación de la luz láser a alturas inferiores.  

Después de encontrar una buena dirección para las grabaciones en la que se colocó la 
cámara ultrarrápida, se realizó la calibración espacial de esta. Para dicha función se colocó 
una placa en la misma zona en la que la sección de luz láser incidiría. Cambiando los 
parámetros de la cámara de apertura (cuanta luz entra en el sensor) y de longitud focal, se 
buscaron las mejores condiciones que producían una mejor visión de los patrones dibujados 
en la placa. Se terminó decidiendo por una distancia focal de 50mm. Este proceso tuvo que 
ser repetido posteriormente al cambiar el número de imágenes por segundo tomadas por la 
cámara de 20.000 a 100.000, ya que cambió la resolución también de 320x320 píxeles a 
192x192 píxeles. El sistema láser se situó en una mesa en un extremo de la habitación alejado 
lo más posible, gracias a la extensión del brazo robótico, de la zona de paso de flujo. La mayor 
libertad otorgada por el brazo robótico permitió que la luz láser pudiese ser emitida 
verticalmente con un sentido hacia abajo. Para ello solo hubo que fijar el sistema de lentes 
que genera la sección láser a un perfil de aluminio colocado a una altura superior en el 
laboratorio, como se puede observar en la figura 5. Al mover el sistema láser, este tuvo que 
ser alineado de nuevo, sin embargo, este proceso requirió mucho menos tiempo que el primer 
alineamiento.  

 

Figure 5. Puesta a punto de los experimentos 

Después se preparó la línea de suministro de las partículas, juntando todas las válvulas, 
uniones y demás elementos que la componían. Para las uniones, además de los anillos de 
cobre, se incorporó una cinta blanca pegada a las roscas para mejorar el sellado, ya que si 
no la presencia de partículas tan pequeñas en esas zonas podría generar huecos en las 
uniones, empeorando dicho sellado. Una vez que la línea de suministro de partículas estaba 
lista y se pudieron realizar los primeros test para comprobar que se obtenían partículas a la 
salida de la cámara de combustión, se observó que el número partículas que salían era 
insuficiente para acometer los experimentos. Se pensó que la razón podría ser una baja 
presión antes de la entrada a la cámara de combustión debido a las pérdidas de presión 
ocurridas en las válvulas y distintos elementos de la línea de suministración de partículas. 
Ante dicho problema se decidió cambiar la mencionada línea.  
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En el nuevo diseño se mantuvo una válvula de cierre y a continuación se añadió una válvula 
electrónica 3/2 (ver figura 6). Una salida se dirigía a la chimenea de succión para mandar las 
partículas directamente fuera cuando no fuese necesario su paso por la cámara de 
combustión, mientras que la otra mandaba las partículas a la misma cámara de combustión. 
Antes de entrar en la cámara, la línea se dividía en tres para poder introducir las partículas 
en tres puntos diferentes del mismo nivel del cuerpo principal, consiguiendo de esta manera 
una distribución más homogénea de las partículas en el flujo. Antes de comenzar los 
experimentos también se comprobó que no existían altas reflexiones de la luz láser. Para ello 
se inició el láser a la potencia de 4W y se observó en el ordenador con las grabaciones de la 
cámara que no existía ningún punto de alta intensidad de luz debido a alguna reflexión de la 
luz láser. 

 

 

Figure 6. Nueva línea de suministro de partículas 

También se determinó previamente al inicio de los experimentos los pasos que deberían 
seguirse en su procedimiento, para así aumentar la eficiencia al realizarlos y reducir cualquier 
causa de error que pudiera surgir. Al final de este resumen, para no cortar su continuidad, se 
muestran en la figura 12 los pasos del procedimiento experimental.  

 

Como ya se ha mencionado, el objetivo de los experimentos de visualización de flujo es 
entender mejor el comportamiento de las ondas en la cámara de combustión. A continuación, 
se van a analizar las ondas salientes de la cámara de combustión en cinco experimentos con 
distintos resultados. Previamente a cada explicación se anotan las condiciones respectivas a 
cada experimento. Un mayor número de imágenes de estos experimentos se puede 
contemplar en el apartado 5.1. 
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Experimento 1 

Flujo másico 
(g/s) 

λ Imágenes por 
segundo 

Tiempo de 
exposición (s) 

Nivel de 
partículas 

Presión 
(bar) 

Restricción 
(%) 

200 1 20.000 1/50.000 2 5 0 

Table 1. Condiciones del experimento 1 

En este experimento no se ven áreas tras la cámara de combustión en las que exista falta de 
partículas, lo cual es positivo, ya que la inexistencia de partículas en el flujo impide su 
observación y consecuentemente su análisis. Se puede sugerir la presencia de dos ondas 
que rotan constantemente, una en sentido antihorario y otra en sentido horario, dentro de la 
cámara de combustión, ya que primero se aprecia la salida de una onda en dirección diagonal 
hacia arriba, seguida de una onda con dirección diagonal hacia abajo. Este experimento se 
grabó con un número de 20.000 imágenes por segundo, lo cual parece insuficiente para 
seguir detalladamente el desarrollo del flujo. En la siguiente figura 7, se puede observar la 
onda con rotación en sentido horario saliendo de la cámara de combustión con una dirección 
diagonal inferior. La secuencia completa se puede observar en las imágenes de la figura 30 
en la sección 5.1 (pag.33). 

  

Figure 7. Onda de rotación con sentido horario saliendo de la cámara de combustión 

 

Experimento 13 

Flujo másico 
(g/s) 

λ Imágenes por 
segundo 

Tiempo de 
exposición (s) 

Nivel de 
partículas 

Presión 
(bar) 

Restricción 
(%) 

200 1 100.000 1/100.000 2 5 25 

Table 2. Condiciones del experimento 13 

En el experimento 13 se observa que las partículas ocupan una mayor extensión alrededor 
de toda la imagen. Se trata de un flujo más turbulento que lleva a las partículas a puntos más 
lejanos en la imagen. Estas condiciones provocan por lo tanto una mejor distribución de las 
partículas. Aquí también se puede sugerir la presencia de dos ondas constantes de sentido 
de rotación inverso, observando el mismo patrón que el definido en el anterior experimento. 
En este experimento ya se habían cambiado las condiciones de la cámara a 100.000 
imágenes por segundo y se aprecia como el flujo puede ser seguido con una mayor precisión. 
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Experimento 18 

Flujo másico 
(g/s) 

λ Imágenes por 
segundo 

Tiempo de 
exposición (s) 

Nivel de 
partículas 

Presión 
(bar) 

Restricción 
(%) 

300 1 100.000 1/100.000 3 5 0 

Table 3. Condiciones del experimento 18 

En el experimento 18 la dispersión es peor y las partículas no ocupan una sección tan grande 
como en el anterior experimento explicado. Sin embargo, existe una mayor concentración de 
partículas a la salida de la cámara de combustión, lo que permite un buen análisis de las 
ondas en esta área. De esta manera, en este experimento se puede ver con mayor claridad 
la secuencia de una onda rotando con sentido antihorario saliendo de la cámara de 
combustión, seguida de otra onda que rota con sentido horario. 

Experimento 23 

Flujo másico 
(g/s) 

λ Imágenes por 
segundo 

Tiempo de 
exposición (s) 

Nivel de 
partículas 

Presión 
(bar) 

Restricción 
(%) 

200 1 100.000 1/100.000 1 5 0 

Table 4. Condiciones del experimento 23 

En este experimento se puede sugerir una alta dispersión de las partículas. Dicha dispersión 
es tan alta que existen pequeñas secciones en el flujo en las que no hay presencia de 
partículas, lo cual como ya se ha mencionado es perjudicial para el análisis. En este 
experimento parece observarse una onda saliendo axialmente, en vez de las dos con sentido 
de rotación inverso. Sin embargo, dicha axialidad de la onda saliente podría explicarse si las 
dos ondas salen al mismo tiempo de la cámara, contraponiendo sus efectos. 

Experimento 6 

Flujo másico 
(g/s) 

λ Imágenes por 
segundo 

Tiempo de 
exposición (s) 

Nivel de 
partículas 

Presión 
(bar) 

Restricción 
(%) 

200 1.0 20000 1/20000 2 5 0 

Table 5. Condiciones del experimento 6 

El experimento 6 es una muestra de condiciones que provocan el problema de áreas en la 
imagen sin la presencia de partículas. Se puede observar como justo a la salida de la cámara 
de combustión hay una gran sección por el cual solo aparecen partículas esporádicamente. 
Este hecho impide el análisis del flujo en esta región de gran interés, ya que como se puede 
apreciar en la figura 35 de la sección 5.1 (pag.38), no se puede observar nada en dicha área. 

Como se puede deducir de los anteriores análisis, obtener una buena distribución de 
partículas en la sección tras la cámara de combustión era uno de los objetivos principales de 
los experimentos. Por ello, en dichos experimentos se cambiaron las condiciones influyentes 
en la salida de partículas, buscando aquella configuración que proporcionase una mejor visión 
del flujo gracias a una buena distribución de partículas. Dichas variables fueron: 

• Flujo másico circulando por la cámara anular. 

• Número de imágenes grabadas por segundo. 

• Nivel de introducción de las partículas en la cámara de combustión (ver figura 3, 
pag.XI). 

• Presión a la salida de la generadora de partículas. 

• Restricción a la salida de la cámara de combustión. 
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Habiendo obtenido 5000 imágenes por cada experimento, se pasó a analizar en cada uno de 
ellos la calidad de la dispersión de luz por parte de las partículas y la calidad de la distribución 
de las partículas en la imagen. Para ello se midió en cada imagen de cada experimento la 
intensidad de la luz media recibida por la cámara, la desviación estándar de la intensidad de 
luz y el número de píxeles iluminados en la grabación. Con las dos primeras se pretendía 
valorar la calidad de la dispersión de la luz, mientras que con la última se valoraría la 
dispersión de las partículas. Estas mediciones se realizaron tanto en la imagen completa 
tomada por la cámara de 192x192 píxeles, como en un corte de la imagen pegado a la salida 
de la cámara de combustión de 30x30 píxeles, para analizar solamente la sección de salida 
del flujo. Los resultados de todas las mediciones se pueden encontrar en el apartado 11.4 del 
apéndice (pag.86). Con estas mediciones se realizó una comparativa de todas las variables 
que habían sido modificadas en los experimentos, la cual se expone a continuación 
resumidamente. 

El flujo másico está muy relacionado en las comparaciones con el nivel de introducción de las 
partículas en la cámara de combustión. Por ello en el siguiente análisis en las comparaciones 
de una variable está muy presente la otra. 

Cuando las partículas se inyectan en los niveles 2 y 3, el flujo másico de 200 g/s produce la 
intensidad de luz más alta captada por la cámara en cualquier experimento (específicamente 
en el nivel 2 es el máximo). En la figura 8 se puede ver el pico alcanzado para este nivel. La 
alta velocidad causada por el flujo de 300 g/s parece dispersar bien las partículas, 
observándose valores similares al nivel 2 en la gráfica de la figura 9, pero obteniendo a la vez 
una menor intensidad de luz. Mientras tanto un flujo de 100 g/s en estos niveles no ofrece 
resultados satisfactorios en ningún plano.  

 

Figure 8. Comparación de la intensidad de luz con cada flujo másico para la imagen entera 

Cuando las partículas son introducidas en el nivel 4, un flujo másico de 300 g/s parece marcar 
una gran diferencia en cuanto a los resultados obtenidos. Tanto con 100 como con 200 g/s la 
intensidad de luz captada y el número de píxeles iluminados son insatisfactorios. 
Introduciendo las partículas en la cámara de aire los resultados son similares a aquellos del 
nivel 4. Sin embargo, un flujo de 300 g/s tampoco marca tanto la diferencia en cuanto a 
resultados, no llegando a una dispersión de luz tan alta grabada por la cámara. 

En el nivel 1 los resultados con 200 y 300 g/s son parecidos. Se puede observar en la figura 
39 de la sección 5.1 (pag.42) una alta desviación estándar con 200 g/s, lo cual indica una alta 
heterogeneidad en la concentración de partículas en el flujo con estas condiciones. 
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Figure 9. Comparación del número de píxeles iluminados con cada flujo másico para la imagen entera 

Tras los primeros experimentos grabados con un número de 20.000 imágenes por segundo, 
la visión de la serie de imágenes reveló que dicha cantidad no era suficiente para poder 
observar la evolución del flujo en el tiempo con el detalle deseado. Por ello se cambió dicho 
valor a 100.000 imágenes por segundo, con lo que cada imagen ya podía relacionarse con 
su predecesora. 

Con un flujo de 100 g/s, si se analiza la imagen completa, el nivel 3 obtiene el máximo en 
intensidad de luz captada, sin embargo, en el estudio de la imagen más pequeña cerca de la 
salida de la cámara de combustión, el máximo en intensidad de luz se alcanza cuando las 
partículas son introducidas en el nivel 2. Esto se puede explicar dado a una mayor 
concentración de partículas en la sección cercana a la salida con el nivel 2. El nivel 4 tiene el 
menor número de píxeles iluminados, lo que se corresponde con la intensidad de luz media 
medida por la cámara, la cual es baja. 

 

Figure 10. Comparación de la intensidad de luz con cada nivel de introducción de partículas para la imagen entera 
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Cuando se inyectan reactantes en el nivel 2 para un flujo másico de 200 g/s se obtiene el ya 
citado pico de intensidad de luz media, como se puede apreciar en la figura 10. Otra vez 
cuando las partículas son introducidas en los niveles 4 y de la cámara de aire, los peores 
resultados son obtenidos. La introducción de partículas en el nivel 3 produce menos píxeles 
iluminados respecto al nivel 1, pero una mayor intensidad de luz, lo cual sugiere una menor 
dispersión de las partículas, pero una mayor concentración. 

Con un flujo másico de 300 g/s circulando por la cámara anular, la introducción de partículas 
en el último nivel 4 antes de la salida produce inesperadamente una alta intensidad de luz 
media. El número de píxeles iluminados sigue siendo de los más bajos (ver figura 11), pero 
una mayor concentración de partículas a la salida de la cámara genera una alta intensidad 
de luz dispersada por dichas partículas. Si se analiza la sección pegada a la salida de la 
cámara, con la introducción de las partículas en el nivel 4 se obtiene la mayor intensidad de 
luz con diferencia. De esta manera, el resultado del nivel 4 para la imagen entera es similar 
al de los niveles 1 y 2, mientras que los otros dos niveles restantes producen valores más 
bajos en todos los aspectos. 

 

Figure 11. Comparación del número de píxeles iluminados con cada nivel de introducción de partículas para la imagen 
entera 

El estudio de la influencia de la presión a la salida de la generadora de partículas revela un 
claro resultado. A pesar de que el fabricante recomienda una presión de salida con un valor 
a la mitad de la presión de la entrada, la cual es de 12 bar dadas las condiciones del 
laboratorio, es la presión de 5 bar y no la de 6 bar con la que se obtiene una mejor distribución 
de partículas a la salida de la cámara de combustión. Con 6 bar parece que no hay una 
velocidad suficiente del flujo por la generadora de partículas y una menor cantidad de ellas 
consigue salir. Alcanzar una mayor velocidad fijando una presión de 4 bar tampoco ayuda a 
conseguir más partículas en la salida. 

 

Colocar una restricción al flujo a la salida de la cámara anular del 25% propició una mejora 
en los valores medidos para flujos másicos de 100 y 300 g/s, pero no para 200 g/s. Esta 
mejora se dio principalmente en la sección cercana a la cámara de combustión. La explicación 
podría ser una mayor concentración de partículas en esta zona gracias al bloqueo de la 
restricción. 
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Con las series de imágenes correspondientes a cada experimento, se calculó la frecuencia 
de las ondas circulando por la cámara de combustión. Para ello se utilizaron las fluctuaciones 
de la intensidad de luz a la salida de la cámara. Esta intensidad de luz se midió en un solo 
píxel para las 5000 imágenes que se grabaron en cada experimento. No se utilizaron, más 
píxeles, ya que si no las intensidades podrían compensarse y anularse el efecto de picos de 
intensidad de luz. Con los datos de la intensidad de luz en un píxel durante el tiempo del 
experimento se pudo aplicar la transformada rápida de Fourier (FFT) para calcular la 
frecuencia de las ondas que salen de la cámara de combustión. 

Las frecuencias calculadas con el programa MATLAB se compararon con frecuencias 
calculadas en el pasado en el mismo departamento en experimentos con las mismas 
condiciones que los presentes. En estos experimentos las frecuencias se calcularon con los 
datos de sensores de presión que se colocaron en el cuerpo principal de la cámara de 
combustión, en aquellos puntos en los cuales las partículas son inyectadas en estos 
experimentos. La siguiente tabla recoge todas estas frecuencias. 

 

 Frecuencias a la salida de la cámara de combustión Frecuencias de 
experimentos 

pasados 
 Nivel de inyección de partículas 

 Plenum 1 2 3 4 

m = 100 g/s , restriction = 0% 

F1 4200 - 4050 4100 4100 4200 

F2 6600 - 5800 / 6250 - - 6400 

m = 100 g/s , restriction = 25% 

F1 - - 3950 - - 4050 

F2 - - - - - - 

m = 200 g/s , restriction = 0% 

F1 - 4200 4200 / 4500 4250 / 4550 4500 4100 / 4400 

F2 - 6500 - - 4250 / 4850 - 

m = 200 g/s , restriction = 25% 

F1 - - 4800 - - 4600 

F2 - - 6500 - - 7850 

m = 300 g/s , restriction = 0% 

F1 5300 5200 5100 5100 5200 / 5400 5100 

F2 - - 2300 / 2800 7900 - 2500 / 2800 

m = 300 g/s , restriction = 25% 

F1 - - 5500 - - 5600 

F2 - - 14050 - - 14000 
Table 6. Frecuencias de los distintos experimentos 

F1 es la frecuencia primaria dominante, mientras que F2 es por el contrario la frecuencia 
secundaria, la cual en ciertos experimentos no aparece. Se puede observar como las 
frecuencias primarias se parecen ambos experimentos, lo que otorga validez al método 
empleado con las fluctuaciones de luz 

En la tabla 6 se puede apreciar como para experimentos con flujos másicos más bajos las 
frecuencias dominantes se acercan a los 4000 Hz. Por el otro lado, cuando el flujo másico se 
incrementa las frecuencias también aumentan correspondientemente, con valores que 
superan los 5000 Hz. 

A su vez los datos medidos y de experimentos pasados de las frecuencias para 200 y 300 g/s 
indican como la presencia de una restricción del 25% en la salida de la cámara de combustión 
se traduce en un incremento de las frecuencias. 
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Con el conocimiento de las frecuencias de las ondas en rotación en cada experimento, se 
pudo aplicar el método de fase media. En este todas las imágenes correspondientes a una 
cierta fase angular dentro de cada vuelta son sumadas para posteriormente realizar la media 
y obtener así imágenes medias de una vuelta de una onda. En la sección 5.4 (pags.56 y 57) 
se pueden encontrar imágenes que son el resultado de aplicar esta técnica a los experimentos 
23 y 9, para los cuales se midieron frecuencias de 4200 y 5100 Hz respectivamente. 

Se intentó aplicar la técnica de correlación cruzada para calcular la velocidad del flujo a la 
salida de la cámara de combustión. Sin embargo, debido a la calidad de las imágenes y al 
alto tiempo entre imágenes consecutivas se debieron tomar áreas muy grandes en las que 
aplicar la correlación. Como se ha mencionado previamente, para conseguir cálculos precisos 
de la velocidad, estas áreas deben tener un tamaño mucho más pequeño. En este trabajo se 
realizó una medida para un área de 160x160 píxeles, buscando un dato de velocidad general 
del flujo a la salida de la cámara de combustión. La correlación resultó en velocidades 
próximas a 200 m/s, como se puede comprobar en la sección 5.5. Se intentó disminuir el 
tamaño de las secciones de estudio a 60x60 píxeles y se calculó la velocidad para cuatro 
áreas distintas de la misma imagen. Los resultados fueron parecidos a los obtenidos con el 
área de 160x160 píxeles. De todas maneras, estos resultados deben de ser confirmados en 
futuros experimentos, debido a la precisión del método. Los datos de la velocidad justo en la 
región de la salida del flujo deberían ser superiores a los aquí calculados. 

En la sección 8 de este documento se incluye la planificación de este trabajo. En primer lugar 
se decidieron todas las actividades que serían necesarias con una Estructura de 
Descomposición de Trabajo (ver figura 64, pag.71). Luego se definió el intervalo de tiempo 
para cada actividad específicamente y del proyecto en general con un diagrama de Gantt (ver 
figuras 65 y 66, pags.73 y 74). Este debería haber sido terminado el 5 de septiembre 2019, 
pero debido a imprevistos en el laboratorio tuvo que ser alargado hasta el 31 de enero de 
2020. También se anotaron todos los costes incurridos en la realización del trabajo, 
separándolos en coste de materiales, coste por uso de máquinas y el coste del personal. La 
suma total ascendió a los 12.566 €. 
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Figure 12. Procedimiento del experimento 
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SUMMARY 

 
The work of this thesis consists on the injection of particles inside a rotating detonation 
combustion in order to mix them with the flow and afterwards analyse the behaviour of the 
flow that runs through the combustor by the observation of the particles that travel along with 
the flow. For that purpose the flow will be recorded when exiting the combustion chamber, 
where a laser light will iluminate the particles, so clear images of them can be obtained thanks 
to their light scattering. 

The Rotating Detonation Engine (RDE) is emerging lately as an alternative for the mostly used 

combustion engines. Advantages like the high-power production or the high efficiency that 

they have (a 20% thermal efficiency higher than deflagration motor designs for example) are 

propelling their study. The high pressure achieved with the detonation drives the combustion 

products to the exit with a high acceleration, which is the cause for the high thrust generation. 

With this thrust, this engine could be applied to a rocket engine successfully. In the Humphrey 

detonation cycle that is followed by the RDE, higher pressures are reached with the same 

volume compared with the deflagration combustion engines. This fact combined with the lower 

entropy increase due to the fast heat liberation results in the higher thermodynamic efficiency 

of this engine. However, the high efficiency operation of the RDE comes along with a high 

unsteadiness, being difficult to predict how the engine will work. Until this problem is not 

resolved, it will be difficult to use this engine securely in a real application. 

The operation principle of this engine comes from detonation waves that rotate in an annular 
chamber at high frequency. The characteristic fact of them is that the detonation only needs 
to be forced the first time, afterwards the high pressure and temperature of the shock wave 
that leads at every moment the detonation wave allows the fuel and oxidizer inside the 
combustor to keep detonating. They also operate continuously, as combustion products 
expand itself to the exit, reaching so a higher efficiency in the process.  

With the objective of contributing to the development of the rotating detonation engine, the 
Institute of Fluid Mechanics and Technical Acoustics of the Technical University of Berlin has 
worked since 2016 on a Rotating Detonation Combustor (RDC), carrying out several 
researches to understand the behaviour of this combustion chamber. This work has the same 
intention. It is the first work of this group relating to flow visualization. Therefore, the main 
objective will be to know which are the best conditions to obtain a well seeded flow for its 
analysis. 

For experiments of flow visualization in which the flow possesses a high velocity, the use of a 
laser light to illuminate the particles becomes necessary. If the light that reaches the camera 
is not intense enough, the exposure time of the camera, which is the time needed for the light 
to fall onto the sensor, will be too large and then clear images will not be recorded, as in that 
time the flow would have advanced a longer space than usual and blurred images would be 
obtained instead. 
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The laser light needs to be directed at the particles, which will scatter this light that they are 
receiving. The equations that explain this light scattering and how intense will be the light 
received by the camera in these experiments were written by Mie in the 20th century. This 
higher amount of light reaching the camera helps to full the sensor and obtain clear images. 
Obtaining these clear images will allow a good analysis of the flow. Therefore, the power of 
the laser and the light that the particles can scatter are an important part of this type of 
experiment.  

The Particle Image Velocimetry (PIV) is comprehended in the group of flow visualization 
experiments. In this technique, velocity vectors are calculated in cross-sections of a flow within 
a very short period of time. This minimal time demands the application of a high-power laser 
for a better illumination of the particles and a higher light scattered. In the experiments 
concerning this work, such a high-power laser will not be employed, so this method will not be 
attempted. However, as it is planned to be realized in the future by this group of investigation 
and as it will help to understand better the characteristics of flow visualization, a study of this 
technique will be attempted in this work. 

In this PIV method, a camera takes images of the region of the flow which wants to be 
analysed. The consecutive images are later overlapped, in order to compare the position of 
the particles in both images and be able to calculate the displacement from one to another. 
With the knowledge of the period of time between the laser pulses, the velocity can be easily 
determined. The synchronization of the laser pulses and the camera shutter actions must be 
carefully considered to obtain reliable results. 

The harder part is to obtain the displacements between images, as there are many particles 
on the images. The images have to be therefore divided into sections. These sections of 
consecutive images are then overlapped and displaced between them in every possible 
position. In each one of these positions the pixels coinciding are multiplied and all the 
multiplications summed. The displacement in which this sum is the highest would correspond 
to the definitive displacement.  

The experiments were carried out in the laboratory PDK III of the Institute of Fluid Mechanics 
and Technical Acoustics of the Technical University of Berlin. This laboratory has a supply line 
of air, which arrives compressed with a pressure of 12 bar. There is also a line of hydrogen, 
which is used as fuel to produce the detonations. The RDC developed at this department will 
be used for the experiment. This combustor has a radially-inward design with a main body 
consisting of an annular coaxial chamber with an exterior diameter 90mm. The oxidizer is 
injected radially through a circumferential slot, meanwhile the hydrogen enters the annulus 
through 100 equally spaced holes of 0,5mm of diameter.  On its main body, the combustor 
has holes on four different levels at different longitudes. On these holes pressure sensors are 
placed normally. On these experiments, these holes are the spots were the particles are 
injected into the combustor. There is also another hole in the plenum were the seeds will be 
introduced. 

The tracer particles have to be confined after their exhaust from the combustor. The flow would 
disperse them easily all over the laboratory and with their small size they would be able to 
enter and damage any machine present in the room. To avoid this effect, a box that surrounds 
the combustor and maintains the particles within its inside was designed. The frame of the 
box is built with t-slotted aluminium profiles. For the walls of the box, first four Plexiglas sheets 
are used, as total transparency is required for two purposes: the path of the laser and the 
recording of the camera. After the area requiring this transparency, four aluminium sheets, 
which are more stable and cheaper, are fixed. 

For a correct distribution of the particles in the flow, the agglomerations had to be avoided in 
the supplying line. Therefore, a supplying line was designed with all the valves and necessary 
elements to control the seeding supply. The knowledge from other experiments of the pressure 
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inside the combustor provided de pressure values that should be surpassed in order to being 
able to inject the particles in the combustion chamber. 

For the generation of the tracer particles a seeder PIVsolid8 of the provider PIVTEC GmbH 
was brought to the laboratory. This seeder permits a pressure of 16 bar at the entrance and 8 
bar at the output, which are values high enough for our requirements. Into the seeder titanium 
oxide particles of 1 µm of diameter were introduced. Their metallic composition is necessary 
to resist the high temperatures caused by the detonation. The camera used to visualize the 
flow is the FastCam SA 1.1 of the enterprise PHOTRON, which has a CMOS sensor with a 
20 µm pixel. 

The laser system used in the experiments is a finesse 4/5/6 laser system from the company 
Laser Quantum, which can provide a maximal power of 4W. The end of the laser system was 
directed to a robotic arm, composed of some articulated bars with reflecting mirrors at its ends, 
to increment the degrees of freedom for the laser direction. 

All this equipment was set up for the experiments. The RDC was placed in front of a chimney 
that suctions air to exit there the particles. In between the RDC and the chimney, plastic sheets 
were positioned to maintain the particles confined. The camera was placed at the correct focal 
distance. To choose the spot of the camera a calibration had to be done. For this calibration 
a plate was placed in the region where the laser sheet would be and the parameters of the 
camera were variated until the best visualization was obtained. The laser system was aligned 
to have a correct output of the laser beam, that after going through the (laser optic forming) 
formed a sheet that covered the section that wanted to be analysed. All the unions from the 
seeding supplying line were correctly sealed. However, before the beginning of the 
experiments, some elements of this line had to be taken away, as the pressure drop did not 
let the necessary amount of particles to reach the combustor. Then, some tests proved the 
presence of a necessary amount of particles with the flow at the exhaust. 

In each experiment 5.000 frames were recorded. The series of frames let the observation and 
analysis of the behaviour of the flow coming out from the combustor. The first experiments 
were realized with a camera setup of 20.000 frames per second. However, the time between 
consecutive frames was too large with this condition and the flow could not be analysed with 
the required accuracy. From then 100.000 fps were recorded in every experiment, allowing a 
better visualization of the flow. In those experiments correctly seeded, the waves that after 
travelling through the combustor came out from it could be clearly differentiated. The rotating 
azimuthal direction of this waves could be guessed, as they came out with a diagonal direction. 
In most of the experiments, a sequence of two counter rotating waves could be guessed. In 
every frequency lap, first a wave with a diagonal upwards direction came out (wave with 
counter clock-wise rotating direction), followed by a wave with a diagonal downwards direction 
(wave with clock-wise rotating direction). 

In the experiments some variables were changed in the search for the best conditions to obtain 
a successful seeded area for a correct flow visualization. These variables are: 

• mass flow running through the combustor (dependant of the quantity of reactants). 

• longitudinal level in which the particles are injected in the combustor. 

• pressure at the seeder output. 

• restriction at the combustor exhaust. 

The results were analysed in relation with these variables. For this purpose, three (things) 
were calculated in every frame: the mean light intensity of all the pixels, the mean standard 
deviation of all the pixels and the number of illuminated pixels. These results were calculated 
in the entire image of 192x192 pixels recorded by the camera, and also in a small cropped 
image placed besides the combustor exit of 30x30 pixels, for a better knowledge of the state 
of the waves just after exiting the combustor. 
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The experiments were carried out with mass flows of 100, 200 and 300 g/s. The highest light 
intensities were achieved with 200 g/s. Experiment with mass flows of 300 g/s obtained more 
stable results, with satisfactory light intensities and number of particles independent of the 
seeding level in which they were introduced. On the contrary, the experiments working with 
100 g/s showed poor performance, with a low number of illuminated pixels, which also 
corresponded to low light intensities. 

The particles were introduced in the combustor in four different axial positions of the main 
body of the combustor, and one additional in the air plenum. The best results with the highest 
light intensities were recorded with the particles being injected in the levels 1, 2 and 3; with a 
clear peak of light intensity with the level 2 and 200 g/s. On the other hand, when the particles 
were introduced in the plenum and level 4, the light intensities were much lower, with the only 
exception of the level 4 working with 300 g/s, which resulted on the best result for this mass 
flow. 

For the pressure at the seeder output 4, 5 and 6 bar were examined. The intermediate 
pressure of 5 bar proved to be the better configuration for these experiments, obtaining with it 
a double light intensity compared with the other two pressures. 

A 25% restriction blocking the exhaust led to a higher density of particles in the small section 
after the exhaust, just beside the combustor chamber. With this density increase the results 
improve for 100 and 300 g/s, as the higher concentration of particles in this area caused a 
higher scattered light received by the camera and consequently a better visualization of the 
flow. 

With the knowledge of the data of the light intensities of the frames, the frequencies of the 
waves exiting the combustor could be calculated. This was another form of analysing the 
behaviour of the waves. The fluctuations of the light intensities lead to their frequencies after 
applying the fast Fourier transform. For experiments working with a mass flow of 100 g/s, the 
frequencies lied around 4000 Hz. There were little differences on the frequency values 
between the different seeding levels. For the superior mass flow of 300 g/s, the frequency 
values increased to be above the 5000 Hz. In many experiments, two dominating frequencies 
were present, confirming the mentioned visualization of two counter rotating waves. These 
frequencies were compared with frequencies calculated with pressure sensors of past 
experiments to confirm their validity. 

With the knowledge of the frequencies, the phase average technique could be applied. This 
method separates all the recorded frames of every cycle within its phase, to make an average 
image of every phase taking into consideration all the recorded cycles. The technique was 
applied for experiments 23 and 9, for which frequencies of 4200 and 5100 Hz were 
determined. The results, which do not show as much specific characteristics as would be 
desired, presumably due to frequency fluctuations over the cycles; are shown in section 5.4. 

The cross-correlation over the flow at the exit of the combustor was also attempted. However, 
due to the lack of quality of the images and the large interval between consecutive images 
(considering this technique) big areas for the application of the correlation had to be taken. As 
it was previously mentioned, to obtain precise velocity vectors, sections with a smaller size 
have to be taken. First, the correlation was applied in an area of 160x160 pixels and general 
velocities of the flow around 200 m/s were calculated. The area was then decreased to a size 
of 60x60 pixels and four velocity vectors over the image were determined, obtaining similar 
results as with the bigger section. Anyway, these results need to be contrasted in the future, 
due to the lack of preciseness of the method. The velocity at the exit of the combustion 
chamber should be higher than the values calculated here. 
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1. INTRODUCTION 

 

The continuous expansion of societies requests a higher production of energy. As the 
population increases and new more consuming technologies are developed, more energy is 
demanded and therefore a higher production rate of energy is required. However, the 
resources employed for the energy generation are not increasing along with it, which makes 
more crucial the search for technologies that make a better use of the resources that can be 
disposed. This challenge will likely drive the research in energy production for the next years, 
as non-renewable resources are being depleted with the pass of time and the technologies 
that produce energy with renewable resources do not seem to produce the necessary amount 
of energy for our commitments. 

The main goals of this research are directed in using new resources to produce energy in a 
more sustainable way, improving the technologies of today to increase their efficiency and 
decrease their contamination, and developing new technologies that could produce more 
energy with less or more appropriate resources. This last option is the one that corresponds 
with the research carried out on this work.  

This thesis studies some developments of the Rotation Detonation Engines (RDE´s). These 
engines have emerged in the last years as an alternative for conventional combustion engines. 
They are still in the early stages of their development, but some of their advantages, mainly 
their high-power production and their high efficiency, make them be considered as a great 
opportunity for propulsion and power generation for the future.  

The RDE could be applied as rocket engine, thanks to the great thrust that it creates with the 
high acceleration of the combustion products travelling to the motor exhaust after the 
detonation. The operational continuity and the high efficiency of this motor propel to its 
application in the industry as rocket engines. The operation of this motor follows the Humphrey 
thermodynamic cycle, which reaches higher pressures with the pressure gain combustion 
principle and could have a higher efficiency than other cycles, like the Bryton. This is an 
advantage for its possible application as the combustion chamber of a gas turbine. However, 
the instability of the flow running through the combustor precludes in the present its 
employment in real applications. 

The RDEs are engines whose energy is obtained from detonation waves that rotate at high 
frequency in an annular chamber. Fuel and oxidizer are first injected and detonated by a (pre-
detonator/ignitor) in this chamber, creating a detonation wave that rotates through the annulus. 
The high pressure of the shock wave leading the detonation wave allows the fuel and oxidizer, 
that are continuously being injected, to be detonated. In this way detonations will never stop 
occurring meanwhile fuel is being added and detonation waves will be constantly rotating in 
the combustion chamber. This idea of self-sustained detonations allows this engine to reach 
high efficiencies. The combustion products of the reaction are expanded through the chamber 
and eventually exit the chamber, providing the propulsion for the engine (Rui, Dan, and 
Jianping 2016).  
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The concept of the RDE´s was first studied at the end of the 1950´s by Voitsekhovsky at the 
Lavrentyev Institute of Hydrodynamics in Siberia. He came up with the idea of the spin 
detonation phenomenon and started the research for an engine that detonated the mixture of 
fuel and oxidizer with the help of rotating waves (Bulat and Volkov 2016b). 

The University of Michigan also began the research of this type of engine around those years. 
They analysed and experimented the feasibility of a rotating detonation wave rocket motor 
operating with gaseous hydrogen and oxygen as well as with gaseous methane and oxygen. 
They could only achieve to run one detonation cycle; however, they confirmed analytically the 
feasibility of such an engine (Arbor 1966). 

Setting a detonation and maintaining it in time in an annular chamber is one of the most difficult 
challenges for these engines. Bykovski and his group made a huge contribution to the 
development of RDEs, as they were the first group to achieve a continuous detonation in an 
annular combustor in 1997, followed by several studies of the obtention of continuous 
detonations. He and his partners could obtain a regime of continuous spin detonation for 
almost all gaseous and liquid hydrocarbon fuels mixed with gaseous oxygen for a rocket-type 
combustor, and the same result for many of these fuels for a simple annular cylinder without 
duct constriction (Bykovskii, Zhdan, and Vedernikov 2006). 

The late studies have been more oriented to understand the conditions inside the engine. Until 
today it is not known why sometimes waves rotate in a clockwise direction and other times in 
a counter-clockwise. This is related to the stability of the detonation waves and being able to 
achieve detonation waves in every cycle. Therefore, its understanding is a fundamental 
challenge in the development of this technology. With the increasing development of 
computational methods, numerical simulations have been used to predict this flow behaviour 
inside the combustion chamber. 

RDEs arose as an alternative for the Pulse Detonation Engines (PDEs). Both type of engines 
benefit from the principle of pressure gain combustion, which implies reaching higher 
pressures in the combustor, what provides a higher amount of work available to be generated 
by the engine. However, unlike the PDEs, where the combustion products must be purged of 
the combustion chamber before the outset of the next cycle, the RDEs can operate 
continuously, as the combustion products are expanded to the exhaust after the detonation. 
The lack of pauses in the cycle permits a higher efficiency. This continuity of operation also 
creates lower fluctuations in the exhaust, providing a higher energy density. However, the run 
of an RDE is more complex. As a matter of fact, the PDE has already been applied in a real 
application in a plane (FlightGlobal, 2008), meanwhile at the moment there is not still any 
actual application for an RDE. 

Another advantage of the REDs resides in their thermal efficiency, which is considerably 
higher (approximately a 20% higher compared to deflagration motor designs (Nordeen 2013)), 
thanks to a lower entropy generation due to a faster heat release. Consequently, this engine 
can produce more power than a common combustion engine with the same fuel quantity. It 
can be observed here the importance of the combustor in this type of engines. 

This efficiency increase that this combustor brings could also result in less pollutant emissions, 
which is a problem that requires everyday more attention. As it has been mentioned, the global 
energy production increases each year, getting nearer to the 15 Mtoe (millions of tons of oil 
equivalent) every year (Green Car Congress, 2012), nevertheless the contamination rate must 
be paralyzed for the sustainability of our energy production plan. This gives more importance 
to the development of this engine. 

As opposed of what could be though in order to achieve this efficiency improvement, RDE´s 
have a simple design for the main body of the combustor, not requiring neither complex 
structures nor expensive materials. On the other hand, the cooling of this engine sets a difficult 
problem that will require most likely a complex system of cooling paths. 
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Moreover, this simplicity of design not only concerns the combustor main body. The detonation 
cycle avoids the presence of compression stages, which normally includes difficult design and 
results besides in losses for the overall efficiency. This absence of compressor can be 
achieved by reason of the high pressures reached at the combustor. 

Although the power generated by these engines is high, their sizes are relatively small, which 
makes them especially attractive for propulsion applications. A smaller size with the 
correspondingly lower weight would lead to higher propulsive efficiencies. At the same time, 
a smaller size implies less use of material. This fact combined with the simplicity of their 
combustor designs could also result in a cheaper method to produce power. 

As it can be drawn out the RDE has a high potential, but at the same time presents important 
challenges due to its unsteadiness. The RDE has swirl losses, caused by the partially 
azimuthal flow at the exhaust, which decreases its velocity and pressure. It has also non-
detonation losses. Separated from the reactant’s injection, there is a region of the combustor 
not reached by the detonation wave. The oblique shock formed by the combustion products 
leads to the combustion of this area, but the lack of detonation results in a lower pressure 
obtained, which decreases the efficiency of the cycle (Nordeen 2013). 

However, the most important problem that we can find in this combustor is the cooling system. 
The extreme temperatures reached in the inside would melt in few instances the metal that 
makes up the combustor. A cooling system is absolutely necessary and due to the high 
frequency and the high temperatures, the heat coefficient to extract heat must be high. 
Nowadays the experiments with this combustor are only run during 0,3s. This short time is set 
in order to not damage the pressure sensors, but anyway without taking the sensor into 
account, the inner walls of the combustor would not be expected to last long enough as for 
industrial applications. 

With the objective of finding solutions for these problems and studying the benefits of the 
rotating detonation engine, the Institute of Fluid Mechanics and Technical Acoustics of the 
Technical University of Berlin has worked since 2016 on a Rotating Detonation Combustor. 
They have carried out several researches to understand the behaviour of this combustion 
chamber and test the effect of their new ideas, helping in this way to the continuously 
development of the combustor. 

Until now their researches have led them to some important findings on the behaviour of the 
waves inside the combustion chamber. This behaviour seems to depend on the mass flow 
that is introduced into the combustor. Maintaining an equivalence ratio of 0,9 their experiments 
confirmed the existence of two counter rotating waves for lower mass flows and of a single 
wave for higher mass flows. The difference in velocity between the two counter rotating waves 
increases with the mass flow until the secondary wave disappears. Therefore, for this wave 
mode dependence they propose a non-dimensional wave dominance parameter. They also 
observed the increasing velocity of the detonation waves with the increasing mass flow, with 
waves speed of 1067 m/s for 151 g/s and velocities around of 1336 m/s for 356 g/s (Bluemner 
et al. 2018b)(Bluemner et al. 2018a). 

For the study of this flow Mie Scattering experiments will be realized. This experimental 
method employs tracer particles that move along with the flow in order to permit its 
visualization. The small particles, with a diameter around the micrometre, have very little 
inertia, which allows them to match their velocity with the flow speed. Therefore, the movement 
of the particles will provide knowledge about the behaviour of the flow. However, due to the 
high velocity and their size, the common recording of a camera is not fast enough to obtain 
clear images of the particles. A laser is also needed in this experiment. The particles need to 
be lighted with the laser, so the camera can record the light scattered by the particles. Only 
then, the camera receives enough light in the short interval of time to take a clear image of the 
particle. 
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This experiment will be a first step in the study of the combustor’s behaviour, in the future a 
planar Particle Image Velocimetry (PIV) technique will be applied. This method is an advanced 
technique of the Mie Scattering experiments. With this technique, images of these particles at 
different times are taken by a camera, in order to subsequently calculate the displacement of 
the particles between images. This displacement calculated by a software will provide the 
velocity of the particles, as the time delay between the recording of consecutive images is 
known. The images obtained by the camera have to be taken in a very short period of time in 
order to have clear images. This is only possible with high power laser, so the particles can 
scatter a high quantity of light that will be recorded by the camera. This action is crucial for the 
sake of the experiment, without such a light intensity the camera recordings will not be able to 
sort out the particles and consequently a valid reliable result will not be obtained from the 
experiment. 

Other experiments employing the PIV technique and the tracer particles have already been 
realized at the Institute of Fluid Mechanics and Technical Acoustics of the Technical University 
of Berlin. Mohammad Rezay Haghdoost et al. investigated the response of some solid tracer 
particles to changes in fluid velocities by PIV experiments. They concluded that the oxide 
titanium particles (TiO2) display the best result for PIV applications, providing a short response 
in time and a high contrast in light, which relates to a high signal to noise ratio. (Piv 2018)  

The experiments carried out on this thesis work should provide a better observation of the 
movement of the waves running inside the combustor as well as helping us understanding 
better some of their properties, like their velocity. The interest in the behaviour of the flow in 
the combustion chamber resides in the opportunity that it enables to condition the flow 
between the combustion chamber and the posterior part, in order to procure a stability inside 
the chamber, aiming at the reliability of the engine and at the maximum efficiency possible. 
The better knowledge of the flow should let the team to continue the development of the 
combustor on its way to be a practical application in the industry.  
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2. OBJECTIVES 

 

The objective of the RDC group of the Institute of Fluid Dynamics and Technical Acoustics 
leaded by Myles Bohon, Eric Bach and Richard Blümner is the continuous development of the 
RDC. The experiments carried out during this work are one step forward directed towards this 
final objective. 

The work of this thesis is the first attempt of this group on the flow visualization analysis for 
the Rotating Detonation Combustor. This fact will make this study more challenging, as new 
problems not faced before could appear in the process. It will be a process in which the 
learning will become a crucial part. 

The principal objective of the Mie scattering experiments of this thesis is to obtain a 
homogeneous dispersion of the particles at the outcome of the combustor. That would mean 
a success in the seeding of particles into the combustor, which is an essential part in flow 
visualization experiments. Knowing the necessary conditions to achieve a correct seeding into 
the combustor will be very helpful for a good visualization of the flow coming out from the RDC. 

The visualization of the flow with these techniques is destined for a better understanding of 
the behaviour of the flow in the combustor. The flow will be observed in the combustor´s 
exhaust, but it should give also hints of its course in the combustor´s interior. If a successful 
seeding is achieved, the next objective is to reach a better understanding of the phenomena 
occurring inside the RDC by studying the behaviour of the flow at the RDC’s exhaust. 

The RDC group of the Technical University of Berlin is planning to continue with more 
advanced flow visualization experiments, like the Particle Image Velocimetry, in the future. 
Therefore, all the experience and information gained at this project will be hopefully useful for 
future experiments.  

In this thesis Mie scattering experiments, instead of the more complex PIV, will be attempted. 
Therefore, the determination of the flow velocity will be a harder objective for this work. 
Anyway, the knowledge of the direction of the flow could lead to important findings on the 
research of the RDC. 

Fortuitously these experiments will confirm the results of previous experiments carried out in 
this combustor prototype. The results obtained in these experiments will be compared with the 
previous results to affirm them. 

This research group is always thinking new ideas to improve this prototype, with some of them 
already working in the actual combustor. These experiments should create new thoughts in 
favour of the increase in efficiency of the combustor. 
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3. THEORY  

 

3.1. Working Principle of the RDE, Detonation Cycle 

The RDE´s obtain work from the detonation cycle. In this cycle the volume is maintained 
constant, working with the principle of Pressure Gain Combustion. The detonation process 
reaches higher pressures achieved with the same volume in comparison to engines working 
with deflagration combustion. This rise in pressure can be used in a RDE to produce more 
thrust in a propulsion engine or to obtain more shaft work in a gas turbine for example, which 
would correspond to a higher energy production. The higher pressures reached with the 
Humphrey cycle (detonation cycle), as showed in figure 13, can produce a higher thrust, due 
to a higher acceleration of the flow by this pressure. 

The entropy generated in the detonation cycle is lower than in the deflagration combustion, 
due to a faster energy release rate compared to the deflagration process. This means having 
less losses in the process and it is the main contributor for the higher thermodynamic efficiency 
reached in this cycle (Ĕ 2011).  At the same time, an isentropic increase of the combustion 
pressure decreases the CJ Mach number, which reduces the total entropy increase and 
motivates a higher thermal efficiency (Wintenberger 2006). 

As a result, the detonation cycle possess a higher tehrmodynamic efficiency. Meanwhile the 
mentioned efficiency lies around 36% for the brayton cycle working with hydrogen, the 
humphrey cycles (one specific detonation cycle) reaches thermodynamic efficiencies of 54% 
(Wintenberger 2006).    

 

Figure 13. Humphrey and Bryton cycle comparison (Prisacariu, Rotaru, and Niculescu 2019)  

The RDE is composed of an annular coaxial combustion chamber in which one or more 
detonation waves travel permanently rotating azimuthally.  The working principle of the 
continuous detonation waves is based on the interaction of the detonation wave with the 
reactants. The detonation wave is composed of a shock wave that contains the required 
activation energy for the combustion of all the annular area and drives the wave at supersonic 
speed. During the detonation the reactants are compressed behind the shock wave, where 
chemical reactions occur fast in a very short period of time . This results in an abrupt increase 
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of the pressure and temperature in this area, as can be observed in figure 13. The high 
pressure drives the detonation waves at a high speed, in the order of km/s, allowing them to 
rotate around the annular combustion chamber at high frequencies. 

Only the first detonation needs to be forced by a conventional automotive spark plug. The 
detonation can be self-sustained, as the mixture of oxygen and fuel is able to be ignited each 
time that the shock wave passes through that point. The high pressure and temperature that 
the detonation waves carry originate another detonation with the reactants and maintains the 
detonation waves rotating with high pressure and temperature. In order to maintain this 
phenomenon, the fuel and oxidizer need to be continuously injected for the detonation waves 
to be renewed, even though this injection is blocked when the shock wave passes through the 
injection orifices due to the high pressure. The correct mixture of the reactants is fundamental 
to create the detonation, so their injection to the combustion chamber must be carefully 
designed. The self-sustaining detonations of these engines increase their efficiency in 
comparison with the rest of engines, which lose more energy in each cycle to force the 
combustion of fuel and oxidizer. The detonation waves stay in the annular chamber and 
conserve the energy, instead of exiting the chamber and wasting energy to the outside. 

While the detonation waves are created, the detonation products are expanded azimuthally to 
the end of the chamber. The expansion of the combustion products behind the detonation 
wave to the exhaust of the chamber originates the oblique shock (see figure 14), as these 
combustion products form a wave that continues rotating while being axially expanded. Some 
reactants do not get hit by the shock wave, but rather by the oblique wave. These reactants 
combust but do not detonate, creating lower pressures that result in a lower efficiency for the 
entire combustion. With the expansion, the gases exit the chamber with great speed, providing 
the possibility of a high propulsion for these engines (Rui, Dan, and Jianping 2016).  

 

 

Figure 14. Waves in the RDC (Napolitano, 2019) 

This is the theoretical process of one detonation wave rotating through the annular chamber. 
However, in some experiments carried out by the Institute of Fluid Mechanical and Technical 
Acoustics of the Technical University of Berlin two counter rotating waves have been observed 
with certain mass flows of fuel and oxidizer. In these cases, the frequency of the detonations 
is increased. With other mass flow conditions also axial waves that travel along the longitudinal 
axis of the combustor were detected, softening the rotating waves. The run of this engine is 
governed by an unsteadiness which hinders the prediction of the output of the engine. A better 
knowledge is needed to resolve this problem and obtain a regular performance of this engine.   
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3.2. Mie Scattering 

In this work, Mie Scattering experiments will be performed. These experiments research the 
behaviour of gaseous and liquid flows. The technique consists on the recording of particles 
that are seeded in a flow, in order to study the direction of the flow by the observation of the 
particles’ movement. In order to detect the particles on the images, they have to be illuminated 
by a laser light, so the camera receives a higher light intensity. 

The images obtained with this method depend highly on the type of laser used to illuminate 
the particles and its energy. When laser systems with lower power are employed and therefore 
the light reaching later the camera is not so intense, its exposure time, which consists on the 
time needed for the light to fall onto the image sensor, is too large and, due to the high velocity 
of the flow, it  does not allow the perception of a clear image, so a blurred image would be 
obtained instead. In experiments where images with a high resolution are required pulse laser 
are needed to provide a higher power in the lighting of the particles. 

An important part of this experiment resides in the capacity of the seeded particles to the flow 
to scatter the light that they receive. Obtaining a high intensity in the scattered light is 
compulsory to accomplish reliable results. Therefore, these particles need to fulfil some 
conditions in order to obtain optimal recordings that will allow the analysis of the flow. An 
explanation of these conditions is present later in this document. 

The intensity of the laser light scattered by the particles follows the equations of the theory 
stablished by Mie at the beginning of the 20th century. The Mie scattering is an analytical 
solution of the Maxwell’s equations that explains the scattering of electromagnetic plane 
waves by a spherical particle. This theory describes how a plane wave transforms into 
spherical vectors after its interaction with the sphere. It permits the calculation of the electric 
and magnetic fields outside and inside a homogeneous and isotropic spherical object in that 
case (Wriedt n.d.). The equations developed by Mie that explain the effect of the light scattered 
are now explained. 

The purpose of these formulas is to determine the light that will be scattered depending on the 
light incident on the particle. For this calculation 𝑄𝑒𝑥𝑡, 𝑄𝑠𝑐𝑎𝑡𝑡𝑒𝑟 and 𝑄𝑏𝑎𝑐𝑘 represent the 
extinction, scattering and absorption efficiency factors. 

𝑄𝑒𝑥𝑡 =
2

𝑥2
∑ (2𝑛 + 1)𝑅𝑒(𝑎𝑛 + 𝑏𝑛)𝑁

𝑛=1                                                     (1) 

𝑄𝑠𝑐𝑎𝑡𝑡 =
2

𝑥2
∑ (2𝑛 + 1)(|𝑎𝑛|2 + |𝑏𝑛|2)𝑁

𝑛=1                                                 (2) 

𝑄𝑏𝑎𝑐𝑘 =
2

𝑥2 |∑ (2𝑛 + 1)(−1)𝑛(𝑎𝑛 − 𝑏𝑛)𝑁
𝑛=1 |

2
                                            (3) 

These coefficients have to satisfy the condition: 

𝑄𝑒𝑥𝑡 =  𝑄𝑠𝑐𝑎𝑡𝑡 + 𝑄𝑏𝑎𝑐𝑘                                                              (4) 

As it can be derived from the formulas, these efficiency factors are function of x and the 
coefficients 𝑎𝑛 and 𝑏𝑛.  

• x represents the Mie dimensionless size parameter and considers the relation between 
the particle radius (r) and the wavelength of the incident light (λ). 

𝑥 =
2πr

λ
                                                               (5) 

• The coefficients 𝑎𝑛 and 𝑏𝑛 are formulated in different forms, but they are all function of 
the factor x and the refractive index. 

𝑎𝑛, 𝑏𝑛 = 𝑓(𝑥, 𝑚)                                                                    (6) 
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The extinction, scattering and absorption efficiency factors are therefore also function of the 
factor x and the refractive index. 

𝑆1(µ) and 𝑆2(µ) are the complex scattering amplitudes for two orthogonal directions of incident 
polarization, which are the probable amplitudes of the outgoing spherical waves relative to the 
incoming plane waves.  

𝑆1(µ) = ∑
2n+1

n(n+1)
(𝑎𝑛𝜋𝑛(µ) + 𝑏𝑛𝜏(µ))𝑁

𝑛=1                                                  (7) 

𝑆2(µ) = ∑
2n+1

n(n+1)
(𝑎𝑛𝜏(µ) + 𝑏𝑛𝜋𝑛(µ))𝑁

𝑛=1                                                  (8) 

µ = cos (θ)                                                                            (9) 

 where θ is the scattering angle. 

This part of the theory relates the outcome intensity with the scattering angle. It demonstrates 
that the scattering amplitude is very dependant of the scattering angle (Guzzi 2016). 

With the knowledge of the particles size, the wavelength of the incident light and the refractive 
index of the particles in the medium, the extinction, scattering and absorption efficiency factors 
can be calculated. Possessing these data and having the information of the conditions of the 
incident light wave, the scattered light intensity by the particles can be determined for each 
scattering angle. These Mie scattering equations have been analysed to develop new 
computational programs that can perform light scattering simulations. 

The Mie scattering techniques comprehend all the activities that make use of the light 
scattered by particles for the visualization of a flow carrying these particles. However, the Mie 
scattering concerns the particles whose diameter is similar or larger than the wavelength of 
the incident wave. For smaller particles this theory is not applicable, and the Rayleigh 
scattering should be used instead.  It is mainly used to calculate the amount of light scattered 
by the object. With this property an optical particle characterization can be carried out. This 
permits measurements like the observation of the difference between particles (when the light 
intensity that they scatter is different) or the determination of their size, as the scattered 
intensity depends on the particle size. 

For this experimental method the laser and the camera are positioned at 90º one from each 
other. Recording the forward scattering would be more advantageous, as the light intensity 
scattered at this angle is the highest, as the Mie theory describes, but due to the limited depth 
of field the 90º spatial configuration is the most used in the industry and was also the 
configuration used in these experiments. 
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3.3. Particle Image Velocimetry 

In this thesis the realization of PIV experiments was not reached. However, as the RDC group 
of TUB pretends to run them in a near future, a theoretical work about this technique is carried 
out, as a first step that will help for these future intentions. Particle image velocimetry is a flow-
field non-intrusive technique applied for the calculation of instantaneous velocity vectors in 
cross-sections of a flow within a very short period of time. It is essentially used in fluid 
mechanical applications in the investigation of air and water flows. In order to obtain these 
velocity vectors, tracer particles that track the flow movement must be employed. These 
particles are lighted by a laser and recorded by a digital camera. The study of the recorded 
images provides the desired outcome of the experiment.  

Like in the Mie Scattering technique, the flow must be seeded with particles that are recorded 
in order to detect their displacement. A camera takes two consecutive images of the region 
comprehending the flow that wants to be studied. The comparison of the position of the 
particles in the images, which are separated by a minimal fraction of time, enables the 
observation of its displacement and the calculation of the velocity. However, the exposure time 
of the camera, which consists on the time needed for the light to fall onto the image sensor, is 
too large and, due to the high velocity of the flow, it  does not allow the perception of a clear 
image, so a blurred image would be obtained instead. Therefore, the particles need to be 
lighted by a pulse laser, with the objective to record a higher scattered light by the particles 
with the camera. In this situation the camera receives a high amount of light within a lower 
exposure time and a clear image is consequently obtained.  

In this process the synchronization of the laser pulses and the camera shutter is very important 
for the success of the measurement. This timing between both objects gets more difficult, as 
it must be performed in a time range of microseconds. This synchronization depends on the 
PIV evaluation method.  

For the multi frame / single exposure method, it must be considered that the camera time 
exposure is much bigger than the laser pulse. Therefore, first the camera shutter is opened 
for its first exposure. Before the end of the timeframe the first laser pulse is realized. Then, 
after its end the second exposure of the camera is started, followed immediately by a laser 
pulse. Thereupon, the first camera shutter closing and second camera shutter opening must 
be between the two laser pulses, as represented in figure 15. The objective of this action is to 
have the minimum time differential between the two images. 

 

 

Figure 15. Synchronization in multi frame / single exposure method 
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In the case of the single frame / multi exposure method the synchronization is simpler, as both 
images are recorded in only one frame. Thus, the camera shutter is opened only one time, 
followed by a first laser pulse to record the first image, and a second pulse, which is realized 
when this image is already recorded. It offers a higher flexibility and the pulse separation time 
of the laser can be managed in a wider range. However, the information of the direction of the 
flow is lost, as it is not known which image was first recorded. A previous knowledge of the 
flow can be valid to solve this problem. In more complex flows image shifting can be applied 
for this purpose. 

 

 

Figure 16. Synchronization in single frame / multi exposure method 

For this synchronization a timing controller is needed, which is usually provided by a 
microprocessor. The selection of the time between pulses depends on the mean flow velocity 
and the magnification at the imaging. A higher flow velocity value requires a higher pulse 
frequency to keep the particles in the second recording within the studied area. For the same 
reason, a higher value of the magnification needs less time between pulses. 

There are two principal evaluation methods for PIV normally employed. The cross-correlation 
and the autocorrelation. The cross-correlation is the most popular of the two of them lately and 
evaluates double frame/ single exposure recordings. On the other hand, the autocorrelation 
analyses single frame/ double exposure recordings (Raffel et al. n.d.).  

In this work planar PIV is studied. In this technique only one camera is used, which implies 
that the velocity of the flow can only be measured in two directions. The velocity in the direction 
normal to the plane remains unknown for this experiment. Stereo PIV is able to analyse the 
flow in three dimensions managing two cameras instead of one. However, this work will not 
aboard this more challenging technique, as it is not still expected to be applied by this group 
of investigation. 

The studied region in these experiments is a plane, therefore, the laser beam needs to be 
converted into a laser sheet to form the section that wants to be researched. At the same time 
the thickness of the laser sheet must be decreased in comparison with the laser beam in order 
to have a higher energy density illuminating the particles. Different converging and diverging 
lenses are situated in the path of the laser beam for that objective.  

Pulses are used to capture instantaneous images, as the power delivered by a pulse is higher 
than in the continuous laser output, which results in a higher scattered intensity from the 
particles and consequently a higher light intensity received by the camera. The camera 
captures images of consecutive pulses, obtaining images were the particles show some 
displacement in relation with the previous one. With the knowledge of this displacement and 
the time between frames the velocity of the particles can be calculated. The displacement of 
the particles allows the observation of the direction of the velocity at the same time.  
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After all the images are recorded, a huge amount of data is collected and needs to be 
processed. All this data coming out of the digital sensor of the camera is relocated in the 
memory of a computer. There, a software program is responsible for the accurate post-
processing action.  

The images that are seen in the computer have a different magnitude than the real sizes. The 
displacement vectors of each situation are then different. To realize reliable measurements 
with the computer a magnification factor is considered. It is important for the analysis of the 
recorded images, as will be later explained. This factor is defined: 

𝑀 =
𝑧0

Z0
                                                                                  (10) 

z0 is the distance between the image plane and lens. 

Z0 the distance between the lens and the object plane. 

 

Figure 17. Visual explanation of magnification factor (M.D.Atkins, 2016) 

The PIV method does not calculate the specific velocity of each particle, but rather applies 
some techniques to identify patterns of the particles in small areas and to calculate a mean 
statistical velocity. There are two principal evaluation methods for PIV normally employed.  

• The autocorrelation method, which consist in a single frame / multi exposure PIV, 
consisting in the capture of the flow in one single frame. 

• The cross-correlation method, which analyses a multi frame / single exposure PIV, 
consisting in obtaining a different image for each pulse. 

The cross-correlation method (multi frame, single exposure) possess more advantages, 
between them stand out: 

• elimination of the directional ambiguity. 

• a wider range possibility to adapt the pulse separation time. 

• a higher signal to noise ratio. 

With these methods the image is segmented in smaller sections for a more precise analysis, 
often called interrogation areas (normally the image is reduced to between 20 and 50 
sections). For each one of them the location of a displacement peak is determined calculated 
with a mean statistical velocity of all the particles included in that region.  

What the software does in these correlation methods is recognize patterns by studying how 
the particles in the second recording have moved in respect to the first. The displacement of 
the particles is calculated by the number of pixels between both positions. Due to their size 
and the high number of particles present in the images, they cannot be individually analysed 
and instead the light intensity of the images is examined. In this process, the second image is 
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moved in any possible displacement and the light intensities of every superposed pixels of the 
first and second images are multiplied and then all added.  

The simple equation for the correlation regards as follows: 

𝑅𝑠 = ∫ 𝐼1(𝑥)𝐼2(𝑥 + 𝑠)𝑑𝑥                                                             (11) 

x defines the position in the frame 

s is the shift between images 

However, the intensities of each image have to be determined. It must be considered that the 
displacement in the z axe (normal to the plane) also influences the intensity and the position 
of each particle in the image. At the same time the position of the particles in the flow (X, Y) 
and in the image (x,y) are related by the magnification factor: 

𝐼 = 𝜏(𝑥) ∑ 𝑉0(𝑋1)𝛿(𝑥 − 𝑥1)𝑑𝑥𝑁
𝑖=1                                                 (12) 

𝑉0 is the transfer function from the light energy of a particle to its electronic signal.  

𝑉0(X) = 𝑊0(𝑋, 𝑌)𝐼0(𝑍)                                                              (13) 

𝐼0(Z) = 𝐼𝑍 exp (−8 
(𝑍−𝑍0)2

𝛥𝑍0
2

 )                                                        (14) 

𝜏(𝑥) is the point spread functioning of imaging lens, which is equal for each position. 

𝑋 =  
𝑥

M
    (15)        𝑌 =  

𝑦

M
    (16) 

The correlation equation is slightly different for the both evaluation methods. As in the cross-
correlation method a constant displacement is assumed for all the particles, what does not 
occur in the autocorrelation method.  

For the single frame / multi exposure method: 

𝑅𝐼 =
1

𝑎𝐼
∫ ∑ 𝑉0(𝑋𝑖)𝜏(𝑥 − 𝑥𝑖)𝑁

𝑖=1 ∑ 𝑉0(𝑋𝑗)𝜏(𝑥 − 𝑥𝑗 + 𝑠)𝑑𝑥𝑁
𝑗=1                              (17) 

For the multi frame / single exposure method: 

𝑅𝐼 =
1

𝑎𝐼
∫ ∑ 𝑉0(𝑋𝑖)𝜏(𝑥 − 𝑥𝑖)𝑁

𝑖=1 ∑ 𝑉0(𝑋𝑗 + 𝐷)𝜏(𝑥 − 𝑥𝑗 + 𝑠 − 𝑑)𝑑𝑥𝑁
𝑗=1                   (18) 

where D is the image displacement 

Therefore, these equations (Raffel et al. n.d.) measure statistically the degree of match 
between the two images for a given shift. For those shifts, with which the particles images 
align with each other, the sum of the product of the pixel intensities will be higher than for 
every other shift. This is called the displacement peak. 

In the autocorrelation the first correlation peak must be neglected, as it corresponds to the 
correlation of each particle image with itself (i=j). Therefore, this correlation peak is found at 
the position (0,0). 

The cross-correlation method only measures linear displacements. It is a first order method in 
which rotations or deformations are not considered. For that reason, the area of the 
interrogation windows shall be small enough to allow the neglection of second order shifts of 
the particles.  

At the same time, the quantity of the multiplications mentioned above increases with the area 
of the interrogation window, as there are more possibilities. Therefore, bigger interrogation 
areas will require more computing time. However, these interrogation windows have a limit in 
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which their area cannot be further decreased. To reach the sufficient level of confidence there 
should be a minimum of 4 particle pairs and at least 10 particles per interrogation area. 
Otherwise we cannot assure that the velocities calculated correspond with that of the flow. 
The more particles that there are in the interrogation area, the lower the error that will be 
committed. This error follows the expression: (Umd 2015) 

휀 =  
𝑒

√particle pairs
                                                                  (19) 

There is also a limit in the number of particles that can be contained in an interrogation area. 
At a certain point an overlap between the particles would be produced. 

The main problem regarding the algorithm application relies on the loss of particle image pairs 
in complex flows. A solution could be the application of discrete window offset, a method in 
which the second image is translated in order to contain more particle image pairs. A previous 
knowledge or anticipation of the flow behaviour can be helpful in this situation. Interrogation 
window offset is especially useful in the analysis of images with large convective displacement. 

To avoid errors for this loss of pairs the interrogation areas are superimposed to obtain a more 
trustworthy result. A 50% overlap of interrogation leads to good results, if we increase this 
percentage the final image with vectors gets too noisy. A 75% of overlap would lead to a final 
image with too many vectors. 

The separation between pulses increases the accuracy of the measurements. This can be 
seen in the following equation. 

U = 
𝑑(𝛥𝑡)

MΔt
+

𝜀𝑟𝑒𝑠𝑖𝑑

MΔt
                                                    (20) 

The displacement d(Δt) will increase linearly with the pulse time separation and that term will 
have no effect. On the other hand, in the second term the residual error contained in the 
measure of the image displacement will prevail even when reducing the time separation 
between pulses. Therefore, when this time is decrease, a major error will be performed. This 
can be observed in equation 20. However, there are limits for the increase of this interval 
between pulses, as the particles can step out of the analysed window if this interval is too 
large. Therefore, there is also a limit for in-plane displacement. This shift is recommended to 
stay lower than one quarter of the interrogation area (Marinos Manolsesos, “Introduction to 
PIV/DIC priciples”, May 2019). 

Δx, Δy < 0,25 IA                                                                     (21) 

Some pre-processing methods can provide an improvement in the quality of the PIV 
evaluation. Photographic noise is present in every recording, by reason of the granular 
composition of the emulsion. This noise can be very harmful for this experiment, as it can 
prevent the detection of displacement peaks. Immersing the negative in an index matching 
liquid can reduce the phase noise, originated by changes in the refractive index, preventing 
its transfer to the contact copy. This would finally result in a higher signal-to-noise ratio. 

Variations in the image intensity can disturb the cross-correlation calculation method. Brighter 
particles will have a dominant influence in comparison with other particles that do not possess 
such a high light intensity. Pre-processing of the image could be helpful in this case, applying 
some filters in such a way that enhance particle image contrast and bring particle images to a 
similar intensity level. 

One of these filter applications is the background subtraction from the images. The 
background image can be recorded in absence of particles in the studied region and then this 
data taken out of the evaluated images during the cross-correlation method.  
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More sophisticated algorithms of the software to study the images allow an evaluation of each 
region making several passes to gather better results. In the first pass the local mean 
displacements are investigated and in the following ones the displacements are investigated 
deeper, each time with smaller analysed windows and obtaining better spatial resolutions, 
which consists in obtaining a higher number and more reliable velocity vectors. However, this 
development requires a higher computing capacity and computing time. 

The particles displacement is assumed to be uniform in this evaluation technique. 
Nevertheless, complex flows can variate within the interrogation areas and present several 
correlation peaks. In order to compensate this uncertainty originated by the velocity gradients 
within the interrogation windows, the iterative window deformation technique could be a good 
solution. 

A stronger peak will lead to a higher probability of the detection of the peak location. The 
anticipation of the flow behaviour can be advantageous for this detection. However, algorithms 
will require a higher complexity in that case. 

The particles should be homogenously dispersed in the studied section, so the motion of the 
particles can be observed in all the area and the light scattered is similar in every point, 
avoiding some light superposition that could disturb the measures. The peak to noise ratio, 
which consists on the light intensity relation between the brightest particle and the noise 
sources, must be considered. The higher the energy of the laser pulses, the higher the light 
intensity scattered by the particles, resulting in a higher peak to noise ratio. The value of this 
ratio should be above 1,5 to have a sufficient level of confidence in the results. 

The relation between the particle size and the camera is important. If the particle image size 
is lower than two pixels, peak locking could happen. Peak locking occurs when the 
displacement of the particles in the two images happens in the same pixel (or in a little distance 
of pixels) so a correct measure of the velocity of the particles is not possible. The particle 
image diameter is recommended to be slightly bigger than 2 pixels for the cross-correlation 
method. However, a value between 2 and 4 pixels should be valid for obtaining a confident 
result (Marinos Manolsesos, “Introduction to PIV/DIC principles”, May 2019). If the diameter 
size is smaller than 2 pixels the peak locking effect is reduced, but the measurement 
uncertainty increases. 

The post-processing of the PIV is composed of the following processes: 

• Replacement of incorrect data. 

• Data reduction. 

• Presentation and animation of the information. 

• Analysis of the information. 

Some vectors are incorrectly calculated and do not correspond with the real situation of the 

flow. For example, velocities lower than Umin = 0,1 
𝑀𝑎𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛

dt
 should not be trusted. In this 

case they must be eliminated and replaced by another reliable vector. The software presents 
several methods to detect the spurious vectors. Then, the replacement vector is generated 
considering its surrounding vectors. The software hast two methods to perform this action. By 
interpolation with the immediate neighbours or employing the second highest correlation peak, 
when the first one is incorrect. This process receives the name of vector performing. 
Nevertheless, good quality results should possess less than 1% of incorrect vectors that 
should be replaced. In complex flows this value can be brought up until 5%.  

The software provides a graphical representation of the data, showing all the velocity vectors 
calculated. The software usually provides many options to stablish the graphical results in a 
manner that the user prefers for its analysis.   



Theory 

16 Escuela Técnica Superior de Ingenieros Industriales (UPM) 

Finally, with all the velocity vectors obtained the behaviour of the flow is studied. Not only the 
velocity of the flow is calculated but also its direction in all the studied region. The features of 
the whole flow field can be therefore analysed.  
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4. EXPERIMENTAL SETUP 

 

4.1. Laboratory 

The experiments were run in the laboratory PDK III of the Institute of Fluid Mechanics and 
Technical Acoustics of the Technical University of Berlin. This laboratory is employed by the 
RDC and the PDE groups of this institute to perform their experiments.  

The laboratory has a supply line of air, which arrives already compressed at a pressure of 12 
bar. During the run of this project, a new air supply line was installed, providing a pressure of 
15 bar. However, it was not needed for the experiments concerning this work. There are also 
different lines for fuels, among which are Methane (CH4), Nitrogen (N2), and Hydrogen (H2), 
which is the fuel required for these experiments. All these supply lines contain several valves 
along its path. Some of them are operated manually, meanwhile another of them are controlled 
by a software that can be operated in a room next to the laboratory. 

In this mentioned room the RDE conditions are controlled with the computers during the 
experiments. The program sets up every parameter before every engine run. For the 
surveillance of the experiments, the combustor can be seen during the process through two 
monitors transmitting the recording of two cameras installed in the laboratory. 

 

4.2. Combustor 

The RDC developed at the Fluid Mechanics and Technical Acoustics department of the 
Technical University of Berlin is a radially-inward design. It can be seen in figure 19. The main 
body of the combustor consists of an annular cylindrical chamber with bigger cylindrical plates 
at its ends. In the bigger plate the injection of fuel and oxidizer takes place. The oxidizer is 
injected radially to the annular chamber through a circumferential slot that possesses a height 
of 1,6mm. The annulus outer diameter of the combustor is of 90mm and it has a width of 
7,6mm. That makes an injection area of 452,39mm2 for the oxidizer. The fuel is injected to the 
annulus separated from the oxidizer, being axially injected through 100 holes which are 
equally spaced and each one of them possessing a diameter of 0,5mm. The whole injection 
area for the fuel sums then to 19,64mm2. A minimum level of mixture between the reactants 
is necessary to set the detonation waves in motion, as it was mentioned above. Therefore, 
oxidizer and fuel are later mixed in the annulus in a jet-in-crossflow configuration (Bluemner 
et al. 2018a). This configuration is shown in figure 18. In our experiments oxygen (O2) was 
employed as oxidizer and hydrogen (H2) as fuel. The length of the combustor is changed for 
different experiments around values of 30 cm, using a different combustor for each length. In 
our experiments we used a length of 35 cm. 
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Figure 18. Fuel and oxidizer injection scheme by the RDC group from TU Berlin 

A pre-mixed injection of fuel and oxidizer is not applied considering the danger of detonation 
in the plenum, which would fatally damage the combustor. On the other hand, hydrogen is 
used due to its high reactivity, enabling an easier detonation, which constitutes a harder 
process for other fuels. The high reactivity brings a high stability that is required by this type 
of engine. It is also a clean fuel, that avoids the production of pollutants 

On the annular chamber, the combustor has several holes to insert the pressure sensors. 
These holes are divided in four rows, considering a row a circumference around the 
combustor. With this configuration pressure can be measured at different axial positions of the 
annular chamber and at different angles for each of these positions. This is necessary in these 
experiments, as the pressure data indicates how the rotation of the waves inside the 
combustor is happening. Some of these holes were also used to insert the tracer particles for 
the experiments. More pressure sensors were attached in the air plenum. There is another 
hole at the top of the combustor, where an automotive spark plug is positioned. It is placed at 
the beginning of the combustor, near to the place of injection of the fuel and air. 

 

 

Figure 19. Rotating Detonation Combustor from TU Berlin 
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4.3. Box  

The confinement of the tracer particles at the combustor´s exhaust constitutes a problem. Due 
to their lightness and the high velocity and turbulence that they acquire inside the combustor, 
the particles could be dispersed easily around the room when coming out from it. Apart from 
the cleaning issue that this would suppose, their small size would cause worst consequences, 
as they would be able to enter in almost any hole and damage many machines, sensors, etc. 
At the same time the camera and the laser cannot get dirty during its activity in order to 
continue operating with reliability. As a solution a box that would cover the exhaust of the 
combustor was thought. In this way this box will follow the exit of the combustor and be 
extended until a suction air chimney, where the particles would leave the room.  

The main problem resided in building a box able to surround the combustor without altering 
any of its surrounding equipment (sensors, cables, etc). To do so, it was decided to use 
aluminium t-slotted profiles that would support the walls of the box. The frame supporting the 
combustor, also formed by aluminium profiles, serves also as support for these profiles and 
therefore, for the box. The aluminium profiles were fixed to each other with 90º plastic 
brackets, bolts and nuts. The connections of the profiles conforming the box to the profiles of 
the combustor´s support where stronger, all of them of stainless steel and with a different 
configuration, to assure a stronger fixation. In the connection of the profiles conforming the 
box, the three-way connection brackets of plastic were used as the stress that they would 
suffer was expected to be lower. Two aluminium profiles were also added at the end part of 
the box for a better support. These profiles would rest on the ground by two feet supports 
designed for this purpose. 

 

Figure 20. Box design 

For the walls of the box transparency was needed where the exhaust of the flow happened, 
as it was the area where the measurements were going to take place. The laser beam must 
pass through the wall without being altered and the camera requires the transparency to be 
able to acquire clear images of the particles. Thus, it was decided to use Plexiglas sheets in 
this area of the box. As further away, downstream in the exhaust, it was not necessary to 
maintain the transparency, some aluminium sheets were placed instead. 

Some suction was supposed to happen inside the box due to the high velocities and low 
pressures. This suction would cause some movement of the Plexiglas sheets, which is rather 
inconvenient for the experiments, as it would alter the laser beam and the camera recording. 
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Therefore, four additional aluminium profiles were added at the beginning of the Plexiglas 
sheet to fix them and maintain them static in such a way. 

 

4.4. Seeding supply line 

Carrying the tracer particles to the combustor constituted another challenge. A homogeneous 
distribution of the particles in the studied region is a key factor in order to achieve good results 
in the experiments. A bad distribution of them is often caused by the agglomeration of particles 
prior to their entry in the combustor. The seeder is placed as close as possible to the 
combustor to maintain the agglomeration level of the particles at the minimum possible. A 
uniform size of the particles seeded is required to avoid excessive scattered intensity of large 
particles. A size difference of the particles could be troublesome in the PIV evaluation of the 
recordings, as it was already mentioned. An adequate uniform size of all the particles should 
elude the effect of the background noise, as this noise can decrease the accuracy of the small 
particles. For these purposes the supply line must count with all the instruments necessary to 
control the supply of these particles. 

In order to fulfil all the conditions required for the seed supplying the following supply line was 
designed: 

 

Figure 21. Seeding supply line 
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The seeder must be powered by air to set the particles in motion. Therefore, a hose connected 
the seeder with the air supply of the laboratory. 

A shut-off valve is included to stop the flow when the measures of the experiment are ended. 
At the same time the seeder has a bypass in case only air and not particles are needed during 
the experiment. 

The line of the supply is divided after the shut-off valve. The objective is to be able to insert 
particles in the atmosphere of the exhaust, coming from outside the combustor, to have a 
better homogeneous distribution in the exhaust flow of the combustor, especially in those 
areas with high levels of shear stress, where the lack of particles is most probable to occur. 

There is a second shut-off valve in the secondary line (the line that does not go to the 
combustor) to stop its flow when only the particles that come from the combustor are wanted 
to be seen by the camera. 

In each line there are needle valves to regulate the pressure and control the quantity of 
particles that will come out of each line. With these valves there will be a control of the amount 
of particles that will be present at the exhaust of the combustor, adjusting the quantity to the 
requirement of the experiment. 

All the hoses, valves and different elements of the supply line were connected between them 
with fittings ordered from Fitok, hpsolutions and Landefeld. These elements are numbered in 
figure 21. A list of all the connectors employed, identified by the number stated in figure 21, 
can be found in the table 27 of the section 11.1 of the appendix (pag.82).  

In the main line (the line that carries the particles to the combustor) the pressure at the point 
of injection of the particles to the combustion chamber has to be higher than the proper 
pressure inside the combustor, otherwise there will be a turn back of the particles and they 
will not enter in the combustor. Other previous experiments were considered to calculate the 
minimal necessary pressure at the end of the line. The pressure in the combustor depends on 
the mass flow supplied, therefore two extreme cases were studied, the combustor operating 
with one single wave (which corresponds to a high mass flow) and with two counter rotating 
waves (which corresponds to a low mass flow). The pressure was measured in each of the 
four rows with holes where the pressure is normally measured with the kulite sensors (sensors 
of static pressure) and where the tracer particles can be injected. 

The pressures measured for the one single wave case were the following (for the third row 
there were not any measurement, so an interpolation with the pressures of rows 2 and 4 was 
done): 

• Row 1: Between 2,094 and 2,3885 bar depending on the angle position. 

• Row 2: 1,5985 bar. 

• Row 4: Between 1,2078 and 1,2177 bar depending on the angle position. 

• Row 3: 1,4056 bar. 

The pressures measured for the two counter rotating waves case were the following (with the 
same interpolation for the third row): 

• Row 1: Between 0,9614 and 1,0193 bar depending on the angle position. 

• Row 2: 1,0529 bar. 

• Row 4: Between 0,9520 and 0,9522 bar depending on the angle position. 

• Row 3: 1,0025 bar. 
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4.5. Seeder 

For the generation of the tracer particles a seeder PIVsolid8 of the provider PIVTEC GmbH 
was used. The seeder contains the powder constituted by all the particles laying on a plate, 
which is aerated with a flow of air, resulting in a fluidized bed. Compressed air is directed to 
the seeder entrance, which is followed by a valve 3/2 that gives the possibility to bypass the 
air and not drag particles. The other way leads the air to the bottom of the seeder, where the 
plate supporting the power resides, to produce the fluidization of the particles. The flow, now 
with the particles suspended in it, comes up again towards the exit. Before exiting the seeder 
there is a safety valve, to reduce the pressure in a dangerous case, and a throttle valve that 
breaks the agglomeration of particles.  

The seeder is made of stainless steel to assure a large lifetime. It allows a maximal supply 
pressure of 16 bar, meanwhile the outlet pressure must be kept under 8 bar. These values do 
not constitute a problem considering the pressures that we need at the entrance of the 
combustor. The pressure at the inlet of the seeder is recommended to be at least twice the 
pressure at the outlet (Principal and Notes n.d.). The outlet pressure must be higher than the 
pressures at the entrance of the combustion chamber, whose minimum values were calculated 
before, with a maximal determined pressure of 2,4 bar. This would correspond to a minimal 
inlet pressure of 4,8; which leaves a lot of space to regulate till the 10 bar. The seeder 
possesses two pressure regulators, at the container and the outlet, for this purpose. The 
typical particle size recommended by the provided stays between 0,5 – 1 µm. 

 

4.6. Camera 

 

The equipment employed to record the particles in the 
flow is the FastCam SA 1.1 delivered by the enterprise 
PHOTRON. This camera utilizes a CMOS sensor with 
a 20µm pixel. It maintains square aspect ratio of 
1024x1024 pixels for frames rates up to 5400 fps, 
which is a considerable good resolution. It can reach 
a maximum frame rate of 675000 fps. However, when 
the frame rate value is increased, the resolution of the 
recordings decreases its maximum possible value. 
The 675000 fps correspond to a maximal resolution of 
64 x16 pixels (FastCam SA 1.1 n.d.). With these 
characteristics this device is suitable for experiments 
in which a flow with high velocity needs to be recorded.  

 

 

Figure 22. FastCam SA 1.1 
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4.7. Laser System 

The laser system used in the experiments is a finesse 4/5/6 laser system from the company 
Laser Quantum. It is a diode-pumped solid state laser (DPSS) of class IV that emits light in 
the green region of the spectrum with a wavelength of 532 nm. The laser system can provide 
a maximal power of 4W (Manual n.d.). It is composed of the following elements: 

• A finesse laser head 

• A microprocessor-controlled power supply (fpu 35) 

• An umbilical cable  

• An optical fibre 

• An IEC mains cable 

• A power supply key 

The microprocessor-controlled power supply is connected to the finesse laser head with the 
umbilical cable and allows the control of the output power of the laser beam. The current output 
could also be controlled instead of the power. However, the first option was chosen. 

In order to have more degrees of freedom in the movement of the laser and therefore, to 
facilitate the shooting of the laser to the studied region at the exhaust of the combustor, the 
laser beam was directed to a robotic arm. The robotic arm consists of some articulated long 
tubes possessing lenses at its ends to reflect the beam of light. At the end of the robotic arm 
a system of lenses is adhered to transform the laser beam into a laser sheet.  

As the exit of the finesse laser system and the entrance of the robotic arm are not at the same 
height, a periscope is employed. The periscope RS99 of Thorlabs is the one chosen for the 
experiments. 

Prior to the experiment, the alignment of the laser was necessary to achieve a correct laser 
sheet at the exit. In this action the laser beam had to be followed from its origin (the laser 
head) until the creation of the laser sheet after the system of lenses, making sure that the laser 
beam followed a straight direction and hit the corresponding lens after each reflection in every 
lens, which in our case where the both of the periscope and one of the robotic arm. This activity 
was realized with a low power output (100mW), which was enough to see the laser beam in 
its impact to a paper card. After the successful obtention of the laser sheet the power was 
increased to 2W to checking that the alignment was correct also for a condition similar to the 
experiment. 

 

Figure 23. Laser system 
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4.8. Seeding particles 

To observe the behaviour of the flow we need particles which are capable of following the 
instantaneous motion of the flow, equalling its velocity at every moment. On the one hand the 
smaller and lighter these particles are, the more accurate they follow the flow, as their inertia 
is lower. On the other hand, the higher the size of the particles, the better scattering of light 
they produce. Therefore, there is a balance that must be solved to find the best type of particles 
that fulfil both objectives at the same time efficiently. 

The relation between the particle size and the average energy of the scattered light can be 
approximated knowing the wavelength of the incident light (Search et al. 1997).  

𝐼 = (
𝑑𝑝

λ
)2                                                                           (22) 

• 𝐼 is the energy of the scattered light 

• dp is the particle diameter 

• λ is the wavelength of the incident light  

It must be considered that the light scattered recorded will be at 90º from the incident light, 
corresponding to the positions of the laser and the camera. If the ratio I90º/I0º is taken into 
account (being I90º the scattered light intensity at 90º and I0º the forward scattered light at 0º), 
its value will decrease as the particle size increases and the ratio dp/λ is bigger (being dp the 
particle diameter and λ the wavelength of the incident light). This tendency opposes the one 
mentioned above. However, the total light scattered at 90º will still increase with the particle 
size. However, the tracking of the particles to the flow will be considered more important than 
their light intensity. 

When high concentrations of particles are needed, the use of solid particles is recommended 
(Search et al. 1997). For the experiments titanium oxide (TiO2) particles with a size of the order 
of the micrometre (µm) were chosen. Its composition of metallic material is important to resist 
the high temperatures inside the combustor, in this type of environment solid non-volatiles 
seeding particles are absolutely necessary. They also have a high refracting index, providing 
a higher relation between its refracting index and the index of the medium, which results in a 
better scattering. 

However, solid particles have a higher tendency to coagulate as a result of electrostatic forces 
or moisture, so special attention for the agglomeration must be given. Anyhow, in these 
experiments the dispersed particles that are recorded use to have a bigger size compared to 
the particle nominal size of the powder in the bed of the seeder. This coagulation depends on 
the moisture content of the powder and the velocity and humidity of the flow going through the 
seeder. Smooth, hard and dry particles like the ones used in these experiments tend to 
disperse easier than the rough, soft and moist particles. A higher flow velocity through the 
seeder should increase the agglomeration, because it leads to the non-uniformity of the 
powder distribution of the bed of the seeder, causing a less uniform rate generation of the 
particles at the exit of the seeder. 

Also, the presence of shock and expansion waves in the RDC, where a high acceleration or 
deceleration happens, constitutes another problem for the coagulation of the tracer particles 
as the particles tend to travel at a different speed than the velocity of the flow in which they 
are immersed due to their lag in response to the velocity change. They are disposed to travel 
to areas with low acceleration due to the integrated effect of particle slip, which complicates a 
good homogeneous dispersion of the particles. Moreover, solid particles have a higher density 
than the flow and consequently a higher inertia that inhibits them of following the flow 
accurately. 

In many PIV experiments the particle response to the flow is an important characteristic. This 
is quantified by the relaxation time or the relaxation distance, which quantifies the time or the 
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distance that the particles need to reduce their velocity lag compared to the flow by a factor of 
1/e = 0.368. However, as in our experiments the particles will be introduced in the combustor 
and their scattered light will be recorded after some distance downstream in the exhaust, this 
parameter is not important. 

 

4.9. Setup for the experiment 

Before being able to run the experiments and start the detonation in the combustor a series of 
actions had to be done to finish the preparation for the experiments 

First of all, the combustor was placed in front of the chimney, where the particles were directed 
to exit the laboratory, and then the box was built around the combustor as designed. 

In order to contain the particles and carry them to the chimney, plastic sheets were place 
between the end of the box and the entrance of the chimney, as it is showed in figure 28. The 
sheets were attached around the box with bolts to resist the pressure of the wave coming out 
of the combustor. On the other end the sheets were fastened with tape to the outside part of 
the chimney body, as the pressure reached here was not so high. It was also tried to fasten 
the plastic sheets inside the chimney body, which could be more efficient for the containment 
of the seeds, but the combined effect of the pressure of the exhaust wave plus the suction of 
the chimney did not let a stable fastening of the sheets to the chimney. 

The reflections are not desired in experiments working with scattered light. Reflections with 
high intensity that reach the camera can damage the camera sensor, which is not 
manufactured to resist the income of such high energy. Therefore, most of the elements of the 
combustor and the box that were within the camera recording view were covered. In first place 
all the aluminium profiles were covered with a black tape to avoid reflections on them. The 
outside surface of the exhaust plate of the combustor was covered with a special anti-reflective 
black tape. In this area, were the laser light would hit the mentioned plate of the combustor or 
the aluminium profiles with high power, it was important that the reflections were completely 
avoided. Parts of the combustor body that were also hit by the laser were covered with this 
tape too. Prior to the experiment, at the end of the laser alignment, it was confirmed with the 
camera that no reflections were present. The plexiglass sheet standing on the contrary side 
of the camera was also covered with a black foil. In this case not only for the purpose of 
avoiding the reflections, but also to have black background to be able to see the particles with 
the necessary contrast. 

After finding a good point to place the camera, where the distance to the combustor coincides 
with the focal distance of the camera, it was focused in order to set the focal point right at the 
distance concerning the desired studied area where the laser plane would be. Two parameters 
could be varied to change the camera recording: aperture and focal length. A plate was used 
for this purpose. The parameters of aperture and of focal length that provided a better view of 
the lines of the plate were selected for the setup of the camera. This process had to be 
repeated when the frames per second parameter was changed from 20.000 to 100.000 fps, 
as the resolution of the camera decreased from 320 x 320 pixels to 192 x 192 pixels and we 
had different conditions. After focusing the camera some snapshots of the plate were taken. 
This would be helpful for the late calculation of the spatial resolution. 
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Figure 24. Plate for camera calibration 

The laser system was placed over a table situated one meter away from the combustor 
approximately. The robotic arm, which allows to launch the laser in almost any desired 
direction, was attached to some aluminium profiles placed on the top of the room in order to 
stabilise it in that position, were the laser ray would come down vertically to illuminate the 
region of interest. This plane was decided to be placed in the middle between the centre and 
the extreme side of the combustor’s exit. At this position there was not any element which 
would interpose itself in the lasers way and it would allow a deeper analysis of the outcoming 
flow, as it was presume that a better observation of the waves could be feasible at this position. 
Even though the laser system had been aligned before, as it was mentioned in the section 
4.7, another alignment had to be proceeded, due to the movements applied to the laser 
equipment and especially to the robotic arm. However, this process demanded much less time 
than the initial alignment and with just some small changes the laser system could be 
realigned. 

 

Figure 25. Laser outcome configuration 



Tracer Particle Injection Scheme for Rotating Detonation Combustor  

Alejandro Ley Garrido  27 

The supply line of the seeder had to be assembled in order to make a path for the seeds to 
flow from the seeder to the combustor. The scheme showed in figure 21 was followed and all 
the valves, hoses and other pieces were carefully joined. The joints were sealed with a special 
tape to provide a better sealing. If this tape were not used, the sealing could not have worked 
properly due to the presence of small particles flowing through the joints.   

When every part was correctly settled, the testing was conducted to make sure that everything 
was working properly before running the experiments. On the first tests it was observed the 
seeds came with not enough pressure to the combustor. Particles could be seen coming out 
from the combustor, but not with the necessary concentration in order to have successful 
results in the experiments. Therefore, it was decided to sacrifice the second line of the seeding 
that carried the seeds to an exit besides the combustor to help getting more of them at the 
region of interest. The main cause of having a low pressure before the entry of the seeding in 
the combustor was the pressure drop present in all the valves and elements placed at the 
supply line. Only a shut-off valve was left to stop the flow carrying the particles when needed. 
The supply line design was changed for another one, showed in figure 26. 

 

 

 

 

Figure 26. New seeding supplying line 
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A three-way valve was introduced to control the supply line, instead of the previous t-piece, 
which caused more pressure losses. The 3/2 electronic valve could be controlled from the 
computer with the same software that was used to control the combustor. Therefore, the 
experiments were designed to start throwing air to the chimney and later, with the click of a 
button, the supply line would change its path to the combustor instead of the exhaust chimney. 
In the line going to the combustor two additional hoses could be introduced with a (4 way 
separator), as it can be seen in figure 27. With these two extra lines the seeds could enter in 
two other holes of the same seeding level. It resulted to be a great advantage for the 
experiments. The particles were better mixed with the flow around the annular chamber and 
a more homogeneous flow with seeds came out from the combustor in this way. 

 

 

Figure 27. Electronic 3/2 valve for combustor or chimney 

 

The laser system had to be also tested before the beginning of the experiments. Firstly, it was 
observed that there were not strong reflections reaching the camera, as it was mentioned 
before. Then it was tested the recording of the particles, assuring from the recordings by the 
computer that with a power of 4W the particles could be correctly observed. 

In figure 28 the complete setup for the experiments can be seen. The camera is placed at the 
left of the combustor, from where it will record the flow coming out from the combustor in a 
perpendicular direction, as it is shown by the arrows white and blue in figure 28. The laser 
system is situated further away in the room and can be seen behind the camera in the image. 
From there the robotic arm guides the laser beam to a higher altitude above the box, from 
where the sheet optic forming device shoots the laser sheet, that will expand itself along its 
way down. The figure 28 shows how the green arrow, that symbolizes the direction of the 
laser, also is directed in perpendicular direction to the flow, but this time from the top instead 
that from the left side. With this setup, the particles that travel along with the flow, can scatter 
the light received by the laser and then the camera can receive this light scattered in 90º.  
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4.10. Instructions for the experiment 

Prior to the experiment the pressure at the entrance and exit of the seeder must be regulated 
so the first value was approximately twice the second, and therefore a sonic flow could be 
achieved.  

Before running an experiment, it is important to know the process to follow, the actions that 
must be taken. The next flow chart (figure 29) lists the actions followed to run the experiment 
safely to obtain a successful operation. 

recording direction 

flow direction 

laser direction 

Figure 28. Experiment setup 
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Figure 29. Experiment procedure 

Start suction of air

Suction of air activated?

Open valve of main 
air supply

12 bar before the seeder?

Turn on the laser

Laser power reaches 
4W?

Change 3/2 seeder 
valve

All unions correctly 
sealed?

Change 3/2 supply 
line valve

Seeds going to the 
chimney?

Start running air 
through combustor

Seeds coming out from 
combustor?

Inject hydrogen

Start of combustion 
process?

Trigger camera

Detonation
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The conditions included in the arrows placed between the different actions consist on the 
requirements for being able to realise the next action. They are now explained better: 

➢ When the suction of air by the chimney starts, which is clearly appreciated by the sound 
of the flow of the air, the air supply main’s valve can be opened to start the seeding 
process. 

➢ When this valve has been opened there should be a pressure of 12 bar before the 
entrance of the seeder. If everything is correct and this pressure is achieved, the laser 
can be turned on. 

➢ When the laser reaches the desired power of 4W, the way of the valve of the seeder 
can be changed from the bypass to the powder way. If this action is done before seeds 
would be only wasted. 

➢ If the seeding supply line is working correctly, the 3/2 valve of the supply line can be 
changed so its exit is now directed to the combustor, where the particles are needed 
for the experiment. 

➢ Then, if there is no error in the system, the order of injecting air to the combustor can 
be launched to start the combustion process. 

➢ With the flow of air, seeds coming out of the combustor should be seen clearly. If the 
seeding is properly settled, the detonation in the combustor can be ordered.  

➢ When start of the detonation process is ordered in the computer, the trigger of the 
camera is activated. 

➢ Finally, the detonation will occur if there is enough hydrogen. 
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5. RESULTS 

 

5.1. Flow behaviour 

The objective of introducing particles in the combustor is the possibility to analyse the flow 
with the vision of the particles’ movement. The recordings of the flow coming out of the RDC 
by the camera SA 1.1 will be used to examine the characteristics of the flow. In the following 
paragraphs some of the experiments with a clearer observation of the seeds will be analysed 
in order to study the behaviour of the waves coming out from the combustor. 

Experiment 1 

Mass flow 
(g/s) 

Equivalence 
ratio 

Frames per 
second 

Exposure time 
(s) 

Seeding 
level 

Pressure 
(bar) 

Restriction 
(%) 

200 1 20.000 1/50.000 2 5 0 

Table 7. Conditions of experiment 1 

A continuous flow of seeding coming out from the combustor at every moment at every point 
can be appreciated in this experiment run with the conditions stated in table 7. Not many spots 
without particles can be seen in the area following the combustor plate, which is mainly looked 
after when seeding for a PIV or any other optical method of a flow visualization experiment. 
Even when seeds are always coming out, a sequence of the flow can be observed. This 
sequence can be interpreted in those moments when more particles come out from the 
combustor, scattering consequently more light that is afterwards received by the camera, 
which causes a brighter vision of the flow in the recording. Big bunches of particles exit in a 
sequence from the top to the bottom of the combustor with a diagonal direction, like they were 
following an azimuthal wave rotating in the clock-wise direction. At the same time the same 
sequence but in the other direction of rotation can be suggested just after the other sequence. 
In the figure 30 four consecutive frames can be observed. In the first two of them the first 
sequence can be observed, with a clear wave expanding in diagonal direction downwards; 
meanwhile in the other next two frames the next sequence can be appreciated.  

Downstream the flow a turbulent flow is observed, and the particles tend to concentrate in the 
middle of the image, where a higher velocity of the flow should occur. In this experiment there 
are no seeds present at the edges of the image. This fact could also be possible because it 
was the first experiment to be run, the first time that the RDC was detonated. However, this is 
not very detrimental, as the most interesting area resides near the combustor. Anyway, a 
higher seeding area extension is desired for a more complete study of the flow. In this 
experiment it is more difficult to follow the movement of the flow. A recording of the camera 

with 20.000 frames per second and an exposure time of 
1

50.000
 s does not seem to be fast 

enough for an accurate study of the flow. Therefore, for most experiments the number of 
frames per second was increased to 100.000 and the exposure time was correspondingly 

decreased to 
1

100.000
 s. 
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Figure 30. Images of a sequence of 0,0002s of experiment 1 

Experiment 13 

Mass flow 
(g/s) 

Equivalence 
ratio 

Frames per 
second 

Exposure time 
(s) 

Seeding 
level 

Pressure 
(bar) 

Restriction 
(%) 

200 1 100.000 1/100.000 2 5 25 

Table 8. Conditions of experiment 13 

The result of this experiment is similar to the previous one. This time more seed is present 
considering the entire image; the seeds occupy a wider extension. With these conditions (see 
table 8) the flow is more turbulent and expands itself downstream at the exit, dispersing more 
seeds to the image ends. At the exit of the combustor a high density of particles can be 
appreciated, and therefore, a high intensity is recorded by the camera in this region, which 
allows a good interpretation of the flow in this area. 

 Additionally, the effect of elevating the number of frames per second in this experiment to 

100.000 and decreasing the exposure time consequently to 
1

100.000
 s can be clearly seen. In 

the figure 31, four consecutive recorded frames can be seen, in which the displacement of a 
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wave coming out from the combustor is precisely followed. With this number of frames per 
second, it is easier to follow the flow and find correlations between frames. A similar sequence 
to the one observed in the experiment 1 could also be suggested here. In figure 31 the 
sequence of a counter-clockwise rotating wave is shown. The flow behaviour suggest the 
presence of two counter rotating waves running in the combustor. 

 

  

  

Figure 31. Images of a sequence of 0,00004s of experiment 13 
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Experiment 18 

Mass flow 
(g/s) 

Equivalence 
ratio 

Frames per 
second 

Exposure time 
(s) 

Seeding 
level 

Pressure 
(bar) 

Restriction 
(%) 

300 1 100.000 1/100.000 3 5 0 

Table 9. Conditions of experiment 18 

This experiment shows the result of a worst seeding dispersion due to a higher concentration 
of the particles following the waves. The seeded area is clearly smaller than in the experiments 
1 and 13. However the high concentration of the particles at the combustor’s exit allows a 
good analysis of the region close to the combustor plate. As exposed in figure 37 in section 
5.2, the light intensity recorded for this experiment at this area is one of the best results 
achieved among all the studied cases. And even though the seeding is very concentrated 
close to the combustors exit, there are some spots close to the combustor that lack the 
presence of particles. Nevertheless, this lack of particles is rather not desired, as only with the 
study of the particle’s behaviour can the flow patterns be recognized. The higher velocity of 
the flow contributes to the appearance of spots without seeding, as it causes the particles to 
follow the regions possessing higher velocities, instead of spreading itself around all the area 
of the image. 

In this experiment the same sequence of two counter rotating waves travelling in the 
combustor can again be observed with more clarity, due to the mentioned higher particle 
concentration. In any case, a yellow arrow is introduced in the images to show the direction of 
the displacement. Figure 32 shows in two frames the progress of a counter-clockwise wave 
coming out from the combustor. On the other hand, the other two frames (figure 33) show a 
wave exiting the combustor in the other direction of rotation.  In this case the flow comes out 
with a higher velocity and it can be guessed how the particles reach a longer distance before 
being decelerated.  

  

 

Figure 32. Images of experiment 18 at t = 0,02181 s and t = 0,02182 s 
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Experiment 23 

Mass flow 
(g/s) 

Equivalence 
ratio 

Frames per 
second 

Exposure time 
(s) 

Seeding 
level 

Pressure 
(bar) 

Restriction 
(%) 

200 1 100.000 1/100.000 1 5 0 

Table 10. Conditions of experiment 23 

This experiment with the conditions written above (see table 10) shows a high dispersion of 
the seeding, but without a particle concentration like the previous. Therefore, the bunches of 
particles are sometimes separated one from another and small areas without seeding can be 
observed. As mentioned in the previous analysis of the experiment 18, this effect is detrimental 
for the posterior study of the flow. Nevertheless, this experiment represents the conditions with 
which a higher number of pixels were illuminated at the image, as showed in the graphic of 
figure 42. This information confirms the high dispersion that is seen in this experiment. It does 
not mean that there are more particles coming out from the combustor, but rather that the 
particles reach more places at the image.  

Even though this experiment results in a higher dispersion, the particles coming out from the 
combustor are joined in a sufficient concentration for a visual examination of the flow. In this 
experiment the sequence of two counter rotating waves is not so clear to see. Sometimes a 
sequence of two rotating waves, but the general observation is an axial wave coming out from 
the combustor. However, this could be possible with the previous sequence, if the two counter 
rotating waves were coinciding at the exit from the combustor, balancing their effects. 

Figure 33. Images of experiment 18 at t = 0,02229 s and t = 0,02231 s 
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Experiment 6 

Mass flow 
(g/s) 

Equivalence 
ratio 

Frames per 
second 

Exposure time 
(s) 

Seeding 
level 

Pressure 
(bar) 

Restriction 
(%) 

200 1.0 20000 1/20.000 2 5 0 

Table 11. Conditions of experiment 6 

One of the main problems that had to be faced in the experiments was the lack of seeds in 
areas close to the combustor’s exit. The high velocity of the flow at this region and the 
dispersion of the particles was the cause of this effect, that precludes the analysis of the flow 
in these areas. This can be clearly observed in the sixth experiment. The figure 34 shows how 
a continuous flow of particles comes out the combustor at the top and bottom of the annulus. 
However, at the centre the presence of seeding coming out is sporadically and a big spot 
without seeds is almost constantly present.  

In figure 35 it can be acknowledged how this effect disturbs the analysis of the region close to 
the combustor’s exit. A low number of pixels are illuminated due to the lack of particles at this 
area. However, due to the high concentration of particles at some moments following the 
wave, the intensity recorded by the camera is satisfactory. The high standard deviation is a 
reliable indicator of this instability at the combustor outlet. 

Figure 34. Images of experiment 23 at t = 0,03887 s and t = 0,03889 s 
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Figure 35. Images of experiment 6 at t = 0,01600 s and t = 0,01604 s 

 

 

 

 

5.2. Analysis of seeding conditions 

One objective of this experiment consisted on obtaining a good seeded outflow with enough 
and well distributed particles, in order to contemplate and study all the outcoming flow from 
the combustor. In the search for the best conditions for the seeding, some variables of the 
setup of the combustor and the seeding supply line were modified to examine and contrast 
their influence. These variables were the following: 

• The mass flow running through the combustor. 

The air and fuel pressure are controlled to inject more or less reactants for the detonation. The 
more reactants that are introduced, the higher the mass flow that will travel through the 
combustor. A higher mass flow corresponds to a bigger reaction and consequently to a higher 
velocity of the combustion products exiting the combustor. In the experiments this value was 
varied between 100, 200 and 300 g/s. 

• The frames per second recorded by the high-speed camera.  

The higher this value is set, the lower the time interval between recorded images of the flow. 
A more accurate analyse can be then performed, as the flow can be more precisely followed. 
A higher number of frames per seconds decreases the resolution of the image. With 20.000 
fps the recordings had a resolution of 320x320 pixels, meanwhile when the frames per second 
were increased to 100.000, the resolution decreased to 192x192 pixels. Nevertheless, this 
resolution provided by the 100.000 fps was big enough to record our region of interest. 

• The exposure time of the camera.  

It is the time during which the sensor of the camera captures light. The maximum exposure 
time that can be settled is 1/fps. A lower exposure time will record a shorter period of time and 
will let less light enter in the camera sensor, so the final image will be darker. In this experiment 
the exposure time was almost always settled to 1/fps, as the laser is not so much powerful, 
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and all the time is needed to record as much light as possible. Only in the first experiment, 

which was recorded with 20.000 fps, the exposure time was different with a value of  
1

50.000
s. 

The light intensity recorded was satisfactory. This fact pointed out that the exposure time could 
be further decreased and still obtain enough light for the camera sensor. 

• The seeding level   

The seeding level refers to the place where the seed enters the combustor. The seeds could 
be inserted in any of the four levels with holes present at the combustors main body. The 
position of this levels can be seen in figure 18 of section 4.2 (pag.18). Introducing the seeding 
closer to the plenum and consequently closer to the reaction area should result in a better 
mixing with the flow. However, being closer to the high pressure and temperature of the 
detonation area could have also some influence on the seeding. The seeding was also 
introduced in the air plenum, so the seeds could suffer the detonation and the effect of this 
reaction on the seeds could be analysed. Any possible agglomeration of particles should be 
broken with the detonation. 

• The pressure after the seeder 

This value is closely related to the pressure at the entrance of the seeder. This pressure is set 
by the compressed air coming into the lab with 12 bar. The provider of the seeder recommends 
that the pressure at the outcome of the seeder stays half the pressure provided at the 
entrance, as it was already mentioned. A higher difference between these pressures could 
result in a higher velocity through the seeder that could help breaking the seeds agglomerates. 
At the outlet of the seeder there is a valve that allows the control of this variable. The 
outcoming pressure of the seeder was tried at 4, 5 and 6 bar. 

• The restriction of the combustor 

A cylinder that decreases the exiting area of the annulus can be placed to change the 
behaviour of the waves running inside the combustor. In these experiments a restriction of the 
25% was settled in order to see if the distribution of the seed was more successful than without 
restriction.2 

 

 

The frames recorded with the camera SA 1.1 were analysed with the software MATLAB. All 
the images had to be processed, so they were managed by the MATLAB software. Each frame 
is composed of 192x192 pixels and for each one of them MATLAB provides a light intensity 
value to be able to form the image. Considering the information of every pixel, a complete 
analysis of all the frames was feasible. The analysis focuses on the light intensity recorded by 
the camera and the quantity of pixels that were illuminated on every frame. For the light 
intensity the mean intensity and its standard deviation were both calculated. The mean of the 
light intensity of every frame would provide a value to measure the success of the seeding 
and how good could the particles be recorded. A high light intensity was looked after in these 
experiments. On the other hand, the standard deviation would provide information about the 
homogeneity of the particle’s distribution on the image. Nevertheless, the more accurate study 
of the dispersion and distribution of the seeding had to be analysed with the number of 
illuminated pixels on the image. This value would give knowledge of how successful the 
studied area was seeded. All these calculations were realized by the following programming 
code created with MATLAB.  
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FilesRun = dir('*.tif'); 

for i = 1:5000 

     image = imread(FilesRun(i).name); 

     image = double (image); 

     illpar = (image(image > 1)); 

       image(image==0) = NaN; 

           MeanRun(i) = mean(image(:),'omitnan'); 

           StdRun(i) = std(image(:),'omitnan'); 

     Numillpar(i) = length(illpar); 

     time(i) = i/100000; 

end 

  TotalMeanRun = mean(MeanRun); 

  TotalStdRun = mean(StdRun); 

  TotalNumillpar = mean(Numillpar); 

  plot(time,MeanRun) 

  plot(time,StdRun) 

  plot(time,Numillpar) 

  histogram(MeanRun) 

 

The mean light intensity, the standard deviation of the light intensity and the number of 
illuminated pixels were calculated for every frame. Therefore, the loop was needed to make 
the operations in every image. The mean light intensity and the standard deviation were 
calculated considering only the pixels that contained particles. The black pixels without any 
seed would only alter the final result, as there is not any scattered light in those spots. The 
command ‘omitnan’ was used for this purpose. Having calculated these values for every 
frame, an average value was also calculated to have an indicator of the entire experiment, 
which would provide an indicator of the conditions used in the setup of every experiment.  

Graphics were also plotted to observe the progression of these parameters along the 
experiment duration. For the realization of the graphics, the variable time was needed. To 
complement the standard deviation information, a histogram for the mean light intensity was 
also created, in order to clearly observe the heterogeneity of this value. To calculate the 
number of illuminated pixels every one of them in every image was analysed, counting every 
pixel that was not completely black, being given then a null value by MATLAB. 

 

Figure 36. Mean light intensity over time of experiment 14 
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These operations were first realized in the entire image composed of 192x192 pixels. 
However, the most interesting area for the study of the flow lies just after the outcome of the 
flow. In this region the flow still provides information of its behaviour inside the combustor. As 
we move downstream in the image the flow is decelerated and this information is lost. 
Therefore, the three analysed variables (mean of light intensity, standard deviation of light 
intensity and number of illuminated pixels) were also calculated in a small area situated after 
the combustor with a resolution of 30x30 pixels. The commands carried by MATLAB for these 
operations were also the same as with the analysis of the entire image. Only one additional 
operation had to be included to crop the image to the desired small area lying beside the 
combustors exit. The MATLAB script can be found in the section 11.5 of the appendix 
(pag.87). 

Having collected the information from these three parameters for every experiment, 
comparisons could be made in relation with the modified variables. The analysis from these 
results relating every mentioned variable is shown in the next pages.  

 

Mass flow 

The influence of the mass flow through the combustor is deeply related with the position in 
which the seeding is introduced in the combustor. Therefore, first its influence will be analysed 
considering each seeding level separately.  

When the particles are introduced around the centre of the main combustor´s body, in the 
levels 2 and 3, a mass flow of 200 g/s seems to provide better results than a mass flow of 300 
g/s, focusing on the light intensity registered by the camera. This flow of 300 g/s results in a 
higher velocity of the flow coming out from the combustor that disperses the particles and does 
not allow the necessary seed density for a better analysis of the flow. In figure 37 it can be 
seen how the line representing the 200 g/s stays above the other for these two levels. 

As it normally occurs in these experiments, the maximum intensities reported by the camera 
correspond with the maximums obtained in the number of illuminated pixels. This can be 
compared in figures 37 and 42. For both seeding levels 2 and 3 a mass flow of 100 g/s results 
in a very poor performance. 

 

Figure 37. Graphic of light intensity over seeding level in the entire image 
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Figure 38. Graphic of light intensity over seeding level in the small image close to the combustor 

On the other hand, the same conclusions cannot be taken for the other seeding levels. When 
the particles are introduced downstream at the combustor in the level 4, a high speed of the 
flow helps to carry more particles to the exit and a higher light intensity is reached to the 
camera. Therefore, when particles are introduced in the level 4, a mass flow of 300 g/s seems 
to make a big difference. The results with 100 and 200 g/s are very poor, providing a very low 
light intensity to the camera. It is remarkable the decrease of performance with 200 g/s with 
the change to this seeding level.  The low number of illuminated pixels in the image obtained 
with 100 and 200 g/s, close to 20.000 (see figure 42, does not seem enough to obtain a good 
recording of the seeds around the entire image. Even in the number of pixels in the small area 
close to the combustor there is an important decrease (see figure 43). 

This tendency is also present when the particles are introduced at the plenum, obtaining 
similar results. It can be observed the similarity between both seeding levels, the 4 and the 
plenum. However, in this case there is not such a big improvement of the performance with a 
300 g/s mass flow and the light intensity recorded is approximately the half that was reached 
at the level 4 with the same mass flow for the entire image, and even a smaller fraction when 
focusing the analysis on the small area close to the combustor.  

 

Figure 39. Graphic of light standard deviation over seeding level in the entire image 
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Figure 40. Graphic of light standard deviation over seeding level in the small image close to the combustor 

Introducing the seeds in the first level provides a higher number of illuminated pixels that 
results in a higher recorded light intensity. This number is higher when setting a mass flow of 
300 g/s in comparison with 200 g/s, even though the difference is not so considerable. 
However, the standard deviation is higher for the case of 200 g/s, as it is showed in figure 39, 
which could mean heterogeneity in the concentration of particles coming out from the 
combustor for this mass flow. However, in this experiment some pieces of the black tape came 
out from the combustor with the seeding and scattered light more intensely, increasing the 
mentioned heterogeneity. Figure 41 shows how these small pieces of tape reflect a higher 
intensity to the camera. That would mean that the results for 200 g/s for light intensity are 
worse than what it is stated in the graphics.  

 

 

Figure 41. Image with high reflections. Mass flow = 200 g/s. Seeding level = 1 

A general comparison of the mass flow in all the experiments show us clearly how the 
experiments which were settled with a mass flow of 100 g/s end up obtaining the worst results, 
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experiments for the introduction of the seeding in the levels 2 and 3. On the other hand this 
same mass flow decreases considerably the performance of the outcoming seeds when 
introduced in the level plenum and the level 4, with similar results as obtained with 100 g/s. 
Meanwhile a combustion with 300 g/s maintains stable results for all the levels with good 
conditions in recorded light intensity and number of illuminated pixels. In figure 43 it can be 
seen how for all the seeding levels in the small area close to the combustor almost all the 
pixels conforming the analysed image (which consist on 900 pixels) are illuminated by 
particles. 

 

 

Figure 42. Graphic of illuminated pixels over seeding level in the entire image 

 

Figure 43.Graphic of illuminated pixels over seeding level in the small image close to the combustor 
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Frames per second 

A recording guided with 20.000 fps did not let a successful sequence observation of the flow. 
It was hard to distinguish the movement of the bunch of particles from one frame to the 
following, due to the high velocity of the flow. Therefore, the experiments were mostly carried 
out with the fastest possibility allowed by the camera, 100.000 fps. In these recordings, the 
particle conglomerates can be better traced, and a better idea of the behaviour of the flow 
coming out from the combustor can be suggested. 

 

Seeding level 

It was already mentioned before how the seeding level and the mass flow were deeply related 
to each other. Therefore, the comparison of the performance of the combustor for the 
introduction of the seeding in each level will be realized considering each mass flow separately 
(100, 200 and 300 g/s). 

With the injection of 100 g/s in the combustor there is a difference between the 2 and 3 level, 
both showing a higher recorded intensity, and the plenum and level 4, where the intensity 
decreases almost to the half of the value. However, the light intensities achieved with this 
mass flow are rather low, as it was analysed in the mass flow comparison.  In the analysis of 
the entire image the best performance is obtained for a seeding in the level 3. However, when 
focusing the analysis on the area close to the combustor, immediately at the outcome of the 
flow, the highest light intensity recorded is reached for the seeding level 2. This could be 
reason of a higher concentration of particles in that area close to the exit when they come from 
the second level rather than the third.  

In the figure 50 it can be observed that the maximum number of illuminated pixels is reached 
with the seeds introduced at the plenum, which does not correspond this time with a high 
recorded light intensity. For this seed level there is a high dispersion, so it can be assumed 
that more pixels are illuminated but in fact less particles are coming out in relation with the 
levels 2 and 3, at least in the analysed region illuminated by the laser sheet.  

In figure 51, which shows the analysis of the illuminated pixels for the area close to the 
combustor, it can be observed how the number of illuminated pixels is also higher in the level 
2 in comparison with the level 3, which confirms that there are more particles in this area when 
seeding in the level 2. In the small region close to the combustor the concentration of seeds 
has more weight than its dispersion. Another anomaly found with this mass flow of 100 g/s is 
the standard deviation for the seeding at the level 2, which is very low and does not correspond 
with the light intensity recorded. The concentration of particles is more homogeneous over the 
entire image. The histogram of figure 44 shows how most of the pixels possess a light intensity 
rounding the values of 200 – 220.  
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Figure 44. Histogram experiment 7 

 

The high standard deviation of the level plenum can be explained again with the small pieces 
of black tape that get ripped and thrown outside the combustor, where they scattered light 
intensely. For this mass flow the data from the seeding into the level 1 was lost in the data 
transmission, so it could not be compared.  

 

 

 

Figure 45.Image with high reflections. Mass flow = 100 g/s. Seeding level = Plenum 
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Figure 46. Graphic of light intensity over mass flow in the entire image 

For a mass flow of 200 g/s in the combustor the highest intensities are clearly recorded when 
the seeds are injected into the level 2, as it can be seen in the peak of figure 46. The seeding 
into the plenum and level 4 correspond again to the poorest performances. For this mass flow 
a high particle dispersion can be also presumed when the seeding is injected in the level 
plenum, as the calculated illuminated pixels do not represent such a low quantity (as in the 
seeding level 4 for example) but the intensity recorded is nevertheless as low as in the seeding 
level 4.  In between these cases, the seeding into the levels 1 and 3 result in a good light 
intensity value, but still far away from the seeding into the level 2. The seeding into the level 3 
provides less illuminated pixels, but a higher intensity, in comparison with the level 1. Seeding 
into the level 1 creates a higher dispersion, as the seeds spend more time in the combustor 
being mixed with the flow, which also concludes in a lower concentration at the exit. The 
seeding in the level 4 does not result neither in a high particle dispersion (figure 50 show a 
low number of illuminated pixels) nor in a high concentration that scatters a high light intensity. 

 

 

Figure 47. Graphic of light intensity over mass flow in the small image close to the combustor 
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Figure 48. Graphic of light standard deviation over mass flow in the entire image 

With a mass flow of 300 g/s in the combustor the seeding into the level 2 shows again a high 
light intensity scattered by the particles. The number of illuminated pixels is not so high as in 
other levels for the analysis of the entire image, however in the study of the area close to the 
combustor’s exit almost every pixel is illuminated, which is a clear representation of the high 
concentration at the exit of the combustor. That is the main contributor for the high light 
intensity recorded. Surprisingly, the same intensity level can be appreciated for the seeding 
level 4, as it is showed in figure 46. The number of illuminated pixels is low for this level, but 
the analysis of the light intensity near the combustor’s exit in figure 47 represents a high 
intensity recorded for this level, which means that a high concentration of seeds is present at 
this area, which causes a higher scattered light intensity. If only the small area on the 
combustor’s exit is analysed, a high number of illuminated pixels is obtained due to this 
mentioned high concentration. Figure 51 shows that for this area almost all the 900 pixels that 
form it are occupied by seeds. This heterogeneous concentration of particles around the image 
explains the higher standard deviation for this level 4, as showed in figure 48. 

 

 

Figure 49. Graphic of light standard deviation over mass flow in the small image close to the combustor 
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Figure 50. Graphic of illuminated pixels over mass flow in the entire image 

 

The seeding into the level 3 results also in a low number of illuminated pixels, but in this case 
without a high particle concentration, which corresponds then to a low recorded intensity. The 
seeding into the plenum results as in the previous mass flow cases in the lowest light intensity 
obtained, meanwhile the number of pixels is not the lowest, which suggest again the high 
dispersion when introducing seeds at this stream level. The seeding into the level 1 on the 
other hand shows a good recorded light intensity and the maximum number of illuminated 
pixels among all the seeding levels. If the behaviour of the flow is observed for this case of 
300 g/s and seeding level 1, some big bunches of particles with a high concentration that come 
out from the combustor at a certain frequency can be seen. This effect can be observed in the 
images of figure 34 of the section 5.1 representing the experiment 23. This fact explains the 
high standard deviation calculated (see figure 48).  

 

 

Figure 51. Graphic of illuminated pixels over mass flow in the small image close to the combustor 
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The comparison of all the seeding levels shows that the brightest images are recorded when 
the seeds are introduced at the level 2. The images with poorer light quality are obtained when 
the particles enter the comustor at the plenum and 4 level, with the exception of the experiment 
at the level 4 with 300 g/s mentioned previously. Comparing the number of illuminated pixels 
achieved with every seeding level only stands out that introducing the particles at the level 4 
decreases their dispersion downstream at the combustor. Being introduced so proximate to 
the end of the combustor does not allow a good mixing of the particles with the flow.  

 

Pressure at seeder exit 

This pressure was changed maintaining a mass flow of 300 g/s and a restriction of 0% for the 
combustor. The seeding was introduced in the level 2. The best results were obtained with a 
pressure of 5 bar, obtaining more than double light intensity in relation with the other two 
conditions with 4 and 6 bar. A higher number of illuminated pixels was reached at the region 
of interest with 5 bar. Setting a pressure of 4 bar and presumably forcing a higher flow velocity 
at the seeder did not help to carry more particles to the combustor’s outcome and obtaining 
better recordings. A similar effect was observed with a pressure of 6 bar, but this time with the 
presumption that a lower velocity in the seeder would not disperse the particles better. The 
bad seeding performance obtained with 4 and 6 bar causes the presence of areas where no 
seeding was present. Therefore, these experiments could not be valid for a reliable flow 
examination. 

 

Figure 52. Graphics of light mean intensity and illuminated pixels over pressure at seeder's exit in the entire image 

 

Restriction 

The 25% restriction at the exit of the combustor was tested introducing the seeds in the level 
2, with a pressure at the exit of the seeder of 5 bar and a variable mass flow with 100, 200 
and 300 g/s. The results with these changes were satisfactory, especially in the analysis of 
the small area close to the combustor’s exit, where the restriction originated a higher density 
of particles. For a mass flow of 100 g/s a considerable improvement is obtained compared 
with the no restriction case. Figure 53 shows how the improvement is even greater in the small 
region close at the flow outcome. With the 25% restriction there is a high density of particles 
coming out from the combustor in the studied area, in contrast with the no restriction case, 
where many spots without seeds near the combustor can be seen. The figure 54 shows how 
the number of illuminated pixels is higher also with the 25% restriction. Probably this restriction 
leads more particles to the studied area lighted by the laser sheet. 
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Figure 53. Graphics of light mean intensity over restriction for 100 and 200 g/s 

With 200 g/s the restriction does not seem to provide any advantage, with a lower light intensity 
received by the camera, even when the number of illuminated pixels is similar for the 0% and 
25% restriction. In this case the seeding without restriction seems to be already successful 
and the restriction only blocks the way of some particles that would scatter more light.  

Analysing the experiments with a mass flow of 300 g/s, the scattered light intensity recorded 
is higher without the restriction for the entire image examination, meanwhile when the analysis 
is focused to the small area close to the combustors exit, the 25% restriction provides a higher 
density of particles at this area and a consequently higher light intensity. Even though the 
density of particles increases with the 25% restriction, there are small regions near the 
combustor where no particles are present, and the flow cannot be observed. 

 

 

 

Figure 54. Graphics of light mean intensity for 300 g/s over restriction and illuminated pixels over mass flow 
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5.3. Frequency Analysis 

In the previous section it was explained how the mean of the light intensity over the time was 
calculated, considering each of the 5000 frames recorded. With the knowledge of all this light 
intensity data, its frequency could be calculated to analyse the behaviour of the flow. For the 
calculation of these frequencies, the light intensity of a pixel close to the combustor’s exit was 
employed instead of the entire image. If a small area instead of only one pixel had been used 
to calculate the frequency, some information would have been lost due to the presence of 
more and less illuminated pixels in the small area that would offset their value. The knowledge 
of the frequency of the flow can lead to a better understanding of the waves travelling in the 
combustor.  

The operations used to calculate the frequencies were also run in MATLAB. This was de code 
used: 

disp('Analysis pixel 1') 

FilesRun = dir('*.tif'); 

vector = [175 104 0 0]; 

for i = 1:5000 

     image = imread(FilesRun(i).name); 

     image = double (image); 

     image = imcrop(image,vector); 

     MeanRun(i) = mean(image(:)); 

     time(i) = i/100000; 

end 

plot(time,MeanRun) 

xlabel('t (s)') 

ylabel('Mean Intensity') 

FFT = fft(MeanRun); 

P2 = abs(FFT/5000); 

P1 = P2(1:5000/2+1); 

P1(2:end-1) = 2*P1(2:end-1); 

f = 100000*(0:(5000/2))/5000; 

figure(2); 

plot(f,P1) 

xlabel('f (Hz)') 

ylabel('|P1(f)|') 

 

The procedure to calculate the light intensity recorded by the camera is the same as the one 
used in the analysis explanation of the previous section. However, as only one pixel is being 
considered, one vector is defined which contains the information necessary to crop the image 
to one pixel. The first and second parameters of the vector represent the x and y positions in 
pixels from where the crop of the image would begin, and the third and the fourth numbers 
stablish the length in the x and y axes of the cropped area. As in our operations only one pixel 
is desired the number 0 is set. 

To calculate the frequencies the fast Fourier transform was applied over the mean light 
intensity of every frame. This means that the frequencies were calculated considering the 
amount of particles coming out from the combustion chamber. The particles should follow the 
detonation waves with a higher concentration, enabling in that way a better observation of 
them and the determination of the frequency with this method. After the application of the fast 
Fourier transform a plot like the one represented in figure 55 would be obtained. This 
specifically refers to the experiment 8, where there are two dominating frequencies of 4200 
and 4500 Hz.  
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Figure 55. Frequencies of experiment 8 

The dominant frequencies lie around 4000 and 5000 Hz in almost all the experiments. The 
frequencies approximate to values nearer to the 4000 Hz for those experiments with a lower 
mass flow (100 g/s), meanwhile frequencies close to 5000 Hz are calculated in experiments 
where the combustor contains higher mass flows (300 g/s). These values seem to represent 
the frequencies of the azimuthal waves travelling around the annulus chamber of the 
combustor. It is logic, that when less reactants are injected for the detonation and a lower 
mass flow is obtained in the combustor, the waves  will travel at a lower speed, meanwhile a 
higher amount of reactants will produce a stronger detonation reaction, that will lead, apart to 
a higher mass  

Two pressure transducers were positioned around the plenum during the experiments. With 
the pressures measured by them, the frequencies of the plenum were also calculated with 
MATLAB. The frequencies were again obtained with the application of the fast Fourier 
transform over the pressure data. The same method as the showed some paragraphs above 
was used.  

In previous experiments carried out in the past for the investigation of other characteristics of 
the RDC in the Institute of Fluid Mechanics and Technical Acoustics of the TU Berlin, pressure 
sensors were positioned downstream at the combustor. The frequency of the waves inside 
the combustor was calculated for those conditions that matched the setup of the experiments 
conducted in this work. In total six comparisons could be done.  

First, it was necessary to compare the frequency at the exit of the combustor with the 
frequency obtained at the plenum. It had to be confirmed that the frequencies calculated at 
the outcome of the RDC were originated in the plenum. This was confirmed, without observing 
any anomaly or strange frequency data which did not come from the plenum. A comparison 
with the frequencies obtained in experiments in the past was also interesting to confirm the 
good realization of the experiments. 
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The following table 12 compares the primary and secondary frequencies obtained in every 
case:  

 

 Frequency at the outcome of the combustor (Hz) Frequency of past 
experiments 

downstream in the 
combustor (Hz) 

 Seeding level 

 Plenum 1 2 3 4 

m = 100 g/s , restriction = 0% 

F1 4200 - 4050 4100 4100 4200 

F2 6600 - 5800 / 6250 - - 6400 

m = 100 g/s , restriction = 25% 

F1 - - 3950 - - 4050 

F2 - - - - - - 

m = 200 g/s , restriction = 0% 

F1 - 4200 4200 / 4500 4250 / 4550 4500 4100 / 4400 

F2 - 6500 - - 4250 / 
4850 

- 

m = 200 g/s , restriction = 25% 

F1 - - 4800 - - 4600 

F2 - - 6500 - - 7850 

m = 300 g/s , restriction = 0% 

F1 5300 5200 5100 5100 5200 / 
5400 

5100 

F2 - - 2300 / 2800 7900 - 2500 / 2800 

m = 300 g/s , restriction = 25% 

F1 - - 5500 - - 5600 

F2 - - 14050 - - 14000 
Table 12. Primary and secondary frequencies of the experiments 
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5.4. Phase Average 

With the knowledge of the frequencies the phase average of the experiments could be 
attempted. This method is based on the repetition of the same process with a certain 
frequency. It is suppose that the waves have the same behaviour for every cycle in the 
combustor. With the possession of the frames of the flow, if the frequency is known, each 
frame can be positioned within a phase gap in their period. Then all the images corresponding 
to the same phase gap of every period are added and an average of them is done. Therefore, 
with this method an average period of all the experiment is achieved. This average period 
should provide a better overlook of how the flow coming out from the combustor normally 
behaves.  

The operations needed to obtain the final images were carried out with MATLAB, taking into 
consideration the 5000 frames obtained from each experiment. The code employed is written 
in the section 11.6 of the appendix of this work (pag.88). 

The next two pages show all the images obtained in the phase average realized for the 
experiments 23 and 9 respectively (figures 56 and 57), for which frequencies of 4200 and 
5100 Hz were calculated.  

Experiment 23 

Flujo másico 
(g/s) 

λ Imágenes por 
segundo 

Tiempo de 
exposición (s) 

Nivel de 
partículas 

Presión 
(bar) 

Restricción 
(%) 

200 1 100.000 1/100.000 1 5 0 

Table 13. Conditions of experiment 23 

Experiment 9 

Flujo másico 
(g/s) 

λ Imágenes por 
segundo 

Tiempo de 
exposición (s) 

Nivel de 
partículas 

Presión 
(bar) 

Restricción 
(%) 

300 1 100.000 1/100.000 2 5 0 

Table 14. Conditions of experiment 9 

This technique confirms that the waves are rotating at the previously calculated frequency, if 
a sequence of a wave coming out every period is observed in the phase average images. 
However, the frequency should not be perfect over time and may change its value a small 
amount every period. This causes that the final images obtained with this method are not so 
clear and look more like an average of many phases. 
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Figure 56. Phase Average images of experiment 23 
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Figure 57. Phase Average images of experiment 9 
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5.5. Cross-correlation 

 

Even though the quality of the images did not allow a proper PIV analysis, cross-
correlations were attempted with consecutive frames in order to try to estimate the velocity 
of the flow. However, due to the lack of clearness of the images and the particles 
comprehended in them, the values calculated with these correlations and exposed in this 
section are not completely reliable and should be overlooked with other experiments in the 
future. 

Before applying the cross-correlation, a spatial calibration of the images had to be done. 
The distances in the frames were measured in pixels by the software (MATLAB), 
meanwhile the velocity is always given in m/s. Therefore, the relation between pixels and 
meter is needed. To calculate this relation some snapshots of the calibration plate were 
used (see figure 58). 

 

Figure 58. Snapshot of the calibration plate 

Measuring the length of the squares drawn over this plate and knowing how many pixels it 

comprehended with MATLAB, the desired relation could be determined. The result was 17,313 

pixels/cm. 

It was suggested that there could be some problems trying to calculate the velocity in small 

windows, as should be done in the PIV technique, due to the loss of particle’s pairs. The first 

correlation was then attempted in a big window that concerned almost the entire image, in 

order to try to get a general idea of the velocity of the flow. 
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The code employed in MATLAB for this purpose was the following: 

disp('cross-correlation 2D') 

  FilesRun = dir('*.tif'); 

    for i = 4699:4999 

     vector = [32 25 159 159]; 

   % vector = [112 45 59 59]; 

     image1 = imread(FilesRun(i).name); 

     image1 = double (image1); 

     image1 = imcrop(image1,vector); 

     image2 = imread(FilesRun(i+1).name); 

     image2 = double (image2); 

     image2 = imcrop(image2,vector); 

     c = normxcorr2(image1,image2);  

    [max_c, imax] = max(abs(c(:)));  

    [ypeak, xpeak] = ind2sub(size(c),imax(1)); 

     corr_offset = round([(xpeak-(size(c,2)+1)/2) (ypeak-   

(size(c,1)+1)/2)]); 

     offset = corr_offset; 

     xoffset8small(i-4698) = offset(1); 

     yoffset8small(i-4698) = offset(2); 

     time(i-4698) = (i-4698)*0.00001; 

    end 

 

Only the last 300 frames were used in the analysis, as the cross-correlation process takes a 

long time (longer with big windows) and with this number of frames enough cycles were 

calculated. The vector defined the section of the image that would be cropped and analysed, 

in other words, it defined the studied window. It can be seen how the cropped and analysed 

image corresponds to a section of 160x160 pixels. The code offset was the result of the 

displacement of the particles for the highest correlation, calculated in max_c, which is what 

is looked for with this method. 

This operation attempted to estimate a general velocity of the flow for each experiment. One 
of the problems that could be found with such a big window was the predominance of some 
areas with high light intensities that will determine the result of the correlations and that do not 
represent the velocity of the entire flow.  

The analysis of the correlation will be showed for the experiment 8, which resulted in the 
highest light intensity recorded by the camera as it was analysed in the section 5.2, providing 
a good seeded flow for its examination. 

The graphics of figure 59 show the fluctuations in the displacement of the flow in pixels over 
time. In the axial axis it can be seen how the displacement tends to vary between 2 and 4 
pixels most of the time, which correspond to an axial velocity between 116 and 232 m/s. 
Following the vertical axis, it can be declared that the flow tends to travel to lower positions. 
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Figure 59. Axial and vertical velocity fluctuation of calculated velocity vectors 

The next images of figure 60 show the calculated velocity vector in the entire image for four 
consecutive frames. The arrow representing the velocity vector is placed at the middle of the 
image, but it accounts for the velocity measurement of the entire image. All the pixels of the 
image are cross-correlated. The arrows are amplified by a factor of 5 pixels for a clearer view. 
The value of the velocity vectors is also clarified in the images in m/s. 

 

    

    

Figure 60. Cross-correlated velocity vectors accounting 160x160 pixels section 
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In the search for a more precise result, the examined window was reduced to calculate more 
accurately the velocity in smaller areas. The next images show a cross-correlation applied in 
four smaller windows of 60x60 pixels. 

The figure 61 shows the fluctuations of the axial velocity in the four windows. They are not 
equal, as they represent the cross-correlation of different areas. The windows are defined in 
figure 61 relating their position right or left and up or down. However, compared with the 
displacement fluctuations calculated for the 160x160 pixels area they show many similarities. 
A displacement of 3 pixels is mainly present in almost every one of them. 

 

   

  

Figure 61. Graphics of velocity fluctuations on each 60x60 pixels area 
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The velocity vectors were again calculated in the same four consecutive frames, but this time 
with the four small windows that were mentioned. 

 

 

 

Figure 62. Cross-correlated velocity vectors accounting four sections of 60x60 pixels 

The same tendency of axial velocities is shown in this result with smaller areas. However, the 
velocities are in this case lower as the general vector velocity calculated for the entire image. 
These are the calculated velocities with the cross-correlation: 

 

Ideally, the window could be reduced even more to smaller windows, with which the velocity 
could be calculated with more precision. However, here the quality of the images became a 
problem. The decrease in the window size cause the loss of particle pairs and then the 
correlation cannot be done correctly. Even in these images of figure 62 we start to see errors. 
In the third image a totally vertical velocity vector is determined, which clearly does not 
correspond with the actual displacement of the flow. 

4 3 

1 2 
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The next graphic of figure 63 shows the fluctuations of the axial velocity in a window of 30x30 
pixels. It can be observed how the correlation is incorrect with the big displacements showed 
in the graphic that are not real. 

 

Figure 63. Calculated axial velocity fluctuations for a 60x60 pixels area 
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5.6. Ethical and Professional impacts of this work 

 

Technologies are always in constant development for the increase of their efficiency and 
the production of more energy with less resources. In the last years, this need for better 
technologies has become more evident, as it has been realised that a better use of the 
actual resources is compulsory. The research done in this work follows this orientation. 
The RDE supposes an increment of the efficiency compared to other combustion 
engines. 

Therefore, its employment on real applications should provide advantages like the 
reduction of the contamination or the reduction in fuel consumption. One of these 
applications is the rocket engine, which is seen as a great opportunity for the future. The 
rocket engines are reaction engines, which are used mainly on spaceships, but could be 
also applied on airplanes. As it is widely known, influence of airplanes has increased 
exponentially lately. The use of an engine with a higher efficiency would lead to a very 
important reduction of emissions and wasted fuel; just a small percentage increment in 
the efficiency would make a big impact. 

The RDC group of the Technical University of Berlin helps in these developments with 
some researches, which intend to study the characteristics of the RDE. The universities 
play an important role on the development of technologies. Private enterprises use to focus 
more on the economical result. The researches they conduct are directed on obtaining 
sooner or later some benefits. The universities are meanwhile more interested on learning 
the theory of the processes to improve them with that knowledge. 

An engineer should always keep this intention, as his reason to be is understanding how 
the things work to solve all the possible problems that can appear and improve their 
performance. The university is the place where the engineer learns how to face the 
different challenges that will be present in the future. 

However promising the RDE seems, it cannot be still applied due to its unsteadiness. The 
solution of this problem and the introduction of the RDE in the industry would suppose 
many advantages, as it has been already mentioned. This fact has motivated this work 
and should encourage future researches about this engine, looking for a chance to 
improve the planet. 
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6. CONCLUSIONS 

 

6.1. Conclusions of seeding conditions 

One of the main objectives of these experiments was to analyse which conditions provide 
a better seeding result to attempt a successful flow visualization. The desired seeding 
consists on a good dispersion of the particles, reaching every point that lies within the 
image that wants to be studied, and also a good concentration of them, so the light can be 
better scattered, leading to a better observation of the flow. The lack of particles is very 
detrimental as it avoids the possibility to analyse the flow. If this happens only in some 
small areas of the flow or in sections where the analysis is not so important, the experiment 
can still be studied correctly. However, the presence of big areas near the combustor 
without particles, like in the experiment 6 (figure 35), limits the analysis of the experiment. 

The quantity of reactants used for the detonation and the correspondingly mass flow 
through the combustor changes considerably the seeding result. In general, a mass flow 
of 100 g/s does not seem capable of carrying enough particles to the outcome of the 
combustor to obtain a complete seeded image. Mass flows of 200 and 300 g/s lead to 
higher concentrations of particles at the exit of the combustor and consequently to a higher 
light intensity recorded by the camera. With 300 g/s, the higher velocity of the flow results 
in a higher dispersion of the particles at the output. The results with this mass flow are 
more stable over all the seeding levels, meanwhile a mass flow of 200 g/s leads to the 
best results recorded for the levels 2 and 3, but on the contrary to poor performances for 
the levels 4 and plenum. 

The variation of the pressure at the exit of the seeder contributes highly to the seeding 
performance. Setting a pressure of 5 bar at this point provides the best results with a 
notable difference. Neither a pressure of 4 bar and a presumably higher speed of the flow 
through the seeder to disperse more particles, nor a pressure of 6 bar, with a lower velocity 
for a higher concentration of particles, were successful in equalling the recorded light 
intensity achieved with 5 bar. As a matter of fact, the light intensities recorded were half of 
those reported with a pressure of 5 bar. Therefore, this pressure of 5 bar was maintained 
in most of the experiments.  

A restriction at the exit of the combustor blocking the 25% of the area was also tried in 
order to study its effect on the seeding performance. Even though, its effect is not so 
influent as with other variables, the restriction leads to a higher concentration of particles 
at the area close to the combustor’s exit, enabling a better observation of the flow at this 
important area. This effect was more noticeable with mass flow conditions of 100 and 300 
g/s, meanwhile with 200 g/s the restriction did not seem to provide advantages.  

The level in which the particles are introduced in the combustor makes also a big 
difference. In general, the highest light mean intensities and number of illuminated pixels 
is recorded when the particles are injected in the level 2. For the injection of particles in 
the level 1, similarly high values in the number of illuminated pixels are reached. Anyway, 
the light intensities recorded are not as high as with the level 2, suggesting a lower 
concentration of particles. The results for the injection of particles in the level 3 follow a 
similar tendency over the flow as the level 2, but the light intensities recorded have a closer 
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approximation to those achieved with level 1. The results with the particles being 
introduced in the level 4, near the exit, were not very convincing, with the clearly lowest 
numbers of illuminated particles and low light intensities. Being mixed with the flow during 
a shorter time causes a worst dispersion of the seeds. However, with a mass flow of 300 
g/s a very high concentration of particles at the outcome of the combustor was measured, 
with the highest light intensity measured for this mass flow in the section near the 
combustor. Introducing the particles at the plenum originates a better mixing with the flow 
and a good dispersion is then obtained at the output, reaching more areas downstream 
after the exit of the combustor. However, the density of the particles decreases and the 
final light intensity recorded is lower, compared to the other levels.  

The setting of the camera has also a high importance on the final results. The first 
experiments were recorded with a value of 20.000 frames per second by the camera. 
However, it was soon realized that the consecutive frames were not close enough in time 
to find a good correlation between them and being able to follow the flow accurately. 
Therefore, this value of the camera was raised to the maximum possible of 100.000 fps. 
With this setup, the flow could be better analysed. 

 

6.2. Conclusions of flow behaviour 

The observation of the particles coming out from the combustor with the flow led to 
important conclusions about its behaviour. 

The comportment of the rotating waves travelling through the annular chamber could be 
suggested with the visualization of waves coming out with a diagonal sequence that is 
repeated by a certain frequency. In most of the experiments two counter rotating waves 
could be suggested with the visualization of the frames. Normally a sequence is observed 
that is composed of a diagonal wave coming out with a diagonal direction upwards, which 
corresponds to a rotating wave with counter-clockwise direction inside the annular 
combustion chamber; followed by another wave coming out with a diagonal direction but 
downwards, corresponding to a rotating wave with clockwise direction, is repeated over 
the time of the experiment.  

The frequency of this waves could be calculated with the fluctuation of the measurements 
of the light intensity of the waves coming out from the combustor recorded by the camera. 
These frequencies changed with the variation of the mass flow. With a mass flow of 100 
g/s, the frequencies stay near the 4000 Hz. However, with a mass flow of 300 g/s and with 
a correspondingly stronger detonation, these frequencies were above the 5000 Hz. The 
restriction of 25% at the exit of the annular chamber also proved to increase the frequency 
of the waves travelling through this combustion chamber. 

The phase average could confirm the correctness of the frequency calculated data and 
showed the behaviour of an average wave over one period. However, the frequency 
fluctuations that could happen over the different cycles, led to a result that could not show 
precise characteristics of the flow, but rather a more average information instead. It could 
be observed where and in which phase the wave came out from the combustor, but not in 
which exact direction.  

Even though the images obtained in the experiments were not precise enough for the 
application of the PIV method, the cross-correlation technique typical of this method was 
attempted in some consecutive frames. To obtain reasonable results, the correlation had 
to be applied in a big area, which is rather not desired. First, one velocity vector was 
calculated by the cross-correlation in a big area of 160x160 pixels. The calculation of a 
general velocity of the flow was searched with this action. The application of this method 
in the experiment 8 showed axial velocities rounding the 250 m/s. However, this result 
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should be confirmed. It losses credibility due to the wide area and the quality of the images. 
This image was later divided in four smaller areas of 60x60 pixels, where four velocity 
vectors were determined. These new velocities were similar to the velocity vectors 
calculated for the bigger area, but some errors in the correlation started to appear. 
Reducing the studied areas to a smaller size with less pixels resulted in failures of the 
correlation method. Even though the application of this method was not successful, it was 
proven how with the cross-correlation technique the velocity of the flow can be obtained.  

 

 

  



Bibliography 

68 Esuela Técnica Superior de Ingenieros Industriales (UPM) 

 

 

 

 

 

7. BIBLIOGRAPHY 

 
FlightGlobal. (05 de March de 2008). Obtained from https://www.flightglobal.com/news/articles/us-

afrl-proves-pulse-detonation-engine-can-power-aircraft-222008/ 

Gehalt.de. (2020). Obtained from https://www.gehalt.de/beruf/kfz-mechaniker 

Green Car Congress. (02 de November de 2012). Obtained from 

https://www.greencarcongress.com/2012/11/rdwe-20121102.html 

Napolitano, J. (29 de May de 2019). Argonne National Laboratory. Obtained from 

https://www.anl.gov/article/new-argonne-computational-model-to-accelerate-engine-

development-for-nextgeneration-hypersonic 

Weltersbach, L. (s.f.). get in engineering. Obtained from get-in-

engineering.de/magazin/gehalt/statistik 

Arbor, Ann. 1966. “Feasibility Studies of a Rotating Detonation Wave Rocket Motor.” (June): 893–98. 

 Bluemner, Richard, Myles D. Bohon, Christian O. Paschereit, and Ephraim J. Gutmark. 2018a. “Single 
and Counter-Rotating Wave Modes in an RDC.” In 2018  AIAA Aerospace Sciences Meeting,. 

Bluemner, Richard, Myles Bohon, Christian O. Paschereit, and Ephraim J. Gutmark. 2018b. 
“Dynamics of Counter-Rotating Wave Modes in an RDC.” In 2018 Joint Propulsion Conference,. 

Bulat, Pavel V, and Konstantin N Volkov. 2016a. “Detonation Jet Engine . Part 1 – Thermodynamic 
Cycle.” 11(12): 5009–19. 

2016b. “Detonation Jet Engine . Part II – Construction Features.” 11(12): 5020–33. 

Bykovskii, Fedor A, Sergey A Zhdan, and Evgenii F Vedernikov. 2006. “Continuous Spin Detonations.” 
22(6): 1204–16. 

Ĕ, Piotr Wola. 2011. “Detonation Engines.” 18(3). 

“F A S T C A M S A 1 . 1 F A S T C A M S A 1 . 1 R V.” 

Guzzi, Rodolfo. 2016. “Scattering Theory from Homogeneous and Coated Spheres.” (September 
1998). 

Manual, Operating. “Finesse 4/5/6 + Fpu 35.” 

Nordeen, Craig A. 2013. “Thermodynamics of a Rotating Detonation Engine.” 

Piv, Disk. 2018. “Experimental Investigation of Solid Tracer Particle Response Across a Mach Disk by 
PIV and Schlieren.” (July). 



Tracer Particle Injection Scheme for Rotating Detonation Combustor  

Alejandro Ley Garrido  69 

Principal, Working, and Important Notes. “Solid Particle Seeder PivSolid 3.” : 1–3. 

Prisacariu, Vasile, Constantin Rotaru, and Mihai Leonida Niculescu. 2019. “Considerations and 
Simulations about Pulse Detonation Engine.” 9. 

Raffel, Markus et al. A Practical Guide. 

Rui, Zhou, Wu Dan, and Wang Jianping. 2016. “Progress of Continuously Rotating Detonation 
Engines.” Chinese Journal of Aeronautics 29(1): 15–29. http://dx.doi.org/10.1016/j.cja.2015.12.006. 

Search, Home et al. 1997. “Tracer Particles and Seeding for Particle Image Velocimetry.” 1406. 

Umd, Ken Kiger. 2015. “PIV Basics : Correlation.” 

Wintenberger, E. 2006. “Thermodynamic Cycle Analysis for Propagating Detonations.” 22(3): 694–
98. 

Wriedt, Thomas. “Mie Theory : A Review.” 

Marinos Manolsesos, May 2019 . Presentation at Technical University of Berlin, “Introduction to 
PIV/DIC principles” 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Planification and Budget 

70 Escuela Técnica Superior de Ingenieros Industriales (UPM) 

 

 

 

 

 

 

 

8. PLANIFICATION AND BUDGET 

 

In every project it is always important to plan all the activities that will be realized in the future 
at the beginning to be able to finish successfully the project with the expected scope and 
duration. Inconveniences can always occur, but a good preparation of the project will minimize 
the consequences of these possible problems. 

Therefore, one of the first actions was to create a work breakdown structure, which would 
include all the activities needed to complete the project. Knowing all the activities that had to 
be done, the next step was their planification. A Gantt diagram was designed, in which the 
duration of all the activities, including their start and finish dates, was stated. 

All the costs incurred during the realization of this project have been annotated. Even though 
the purpose of this project is not an economical benefit, it is important to know the impact of 
this research and the resources that it requires  

 

8.1. Work Breakdown Structure 

It can be seen how all the process is divided in sections that follow a logic. Furthermore, these 
sections are divided in subsections to define the activities, as these procedures shall be 
precisely defined and cannot be too general. 

First of all, a preparation to face the project with the necessary knowledge was established. 
With this knowledge, the design of all the steps needed to complete the experiments of this 
project could be started. Once every part concerning the experiments was thoroughly 
designed, the preparations for their realization could take place. In order to be able to continue, 
all the required elements had to be ordered before. With the possession of all these elements, 
the setup of every part could be carried out. Firstly, setting up all the parts (combustor, laser 
system, etc) separately and then completing it with the overall setup. After checking that 
everything was realized correctly, excluding the possibility of failures in the experiments, these 
could be attempted. Having collected the information of the experiments, the only actions left 
were the analysis of the results and their translation to a document and a presentation.  
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Figure 64. Work Breakdown Structure 
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8.2. Gantt Diagram 

This project was started at the beginning of February of 2019. Even though the second 
semester in the Technical University of Berlin begins on April, these two previous months were 
included in the planification for the preliminary study and the start of the design of the 
experiments, as it was clear from the beginning, that the complexity of the experiments could 
demand a longer duration. 

The finish date for this project was first established for the beginning of September (without 
taking into account the presentation). In the section 11.4 of the appendix, the figures 67 and 
68 shows the Gantt diagram with the planification of all the activities to finish on this date. 
Unfortunately, some works on the laboratory, including a change of room, make it impossible 
to finish the project with the desired scope for this final date on September. As the next dates 
for the thesis delivery to the Polytechnical University of Madrid were set on February 2020, 
some activities of the setup of the experiments, as well as the actions concerning the 
realization of the experiments and the analysis of their results could be reprogrammed with 
enough time to finish the project on this new final date. 

In figures 65 and 66 the second Gantt diagram is exposed. In them it can be seen how the 
montage of the periscope and laser system was left for a week on September, because just 
before their realization it was decided to delay the final date. Also the final setup of the 
experiments and their procedure were programmed for the month of October, when the works 
in the lab had already ended and everything was ready for the experimentation. Before this 
event, both Gannt diagrams (from the initial planification and final planification) are similar. 
Only a delay incurred in the laser system preparation was incurred, which is stated in the 
second Gantt diagram. 

Having more time for the project, a more complete PIV study could be done. Therefore, also 
this activity had to be planed again, adding more time for it. 

From the 4 to the 18 of march, a stop was planned according with the first to second semester 
break. Also in August and many days of September no activities were done, as the works in 
the laboratory took longer than expected and the only thing that could be done was waiting for 
its end. 
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Figure 65. Final Gannt Diagram part 1 
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Figure 66. Final Gantt Diagram part 2 
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8.3. Budget 

In this section the estimated costs incurred during the elaboration of this project are detailed. 
These costs are first divided in the following accounts: 

• Cost per bought materials. 

• Cost per machine use. 

• Cost per personal participating in the project. 

Accounts for bought material 

Most of the costs accounted for this thesis work correspond to materials that will also be valid 
for future experiments in this institute. Therefore, the costs are not only justified for the work 
done during the period of this work. 

The materials bought for the experiments concerning this thesis are listed on the following 
tables, which are separated by the orders placed to different providers. 

 

Provider: HPSolutions 

Material Unities Total cost 

Fitting SS-CM-ML6-MRS10 3 21,55 € 
Fitting SS-CF-ML6-RP4 3 30,38 € 
Fitting SS-CM-ML6-RS4 7 58,91 € 
Fitting SS-TTT-ML6 1 18,93 € 
Package - 8,00 € 
Sending costs - 7,50 €  
Incoming Taxes (19%) - 27,60 € 

Total  172,87 € 
Table 15. HPSolutions order account 

 

Provider: Landefeld (order 1) 

Material Unities Total cost 

PE Hose 10x6,5 mm 3 mtr 3,63 €  
PE Hose 6x4 mm 20 mtr 11,06 € 
Water Hose 5 mtr 19,39 €  
Package for Hoses - 10,00 € 
Incoming Taxes (19%) - 8,38 € 

Total  52,46 € 
Table 16. Landelfeld order 1 account 
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Provider: Landefeld (order 2) 

Material Unities Total cost 

Shut-off valve 2 31,32 € 
Needle valve 2 44,39 € 
G1/4” – 10mm 1 2,00 € 
G1/2” – 10mm 1 3,76 € 
G1/4” – 6mm 6 9,45 € 
Four way separator – 6mm 1 3,46 € 
T piece G1/4” 1 2,20 € 
G1/2” – 13mm 2 4,23 € 
Incoming Taxes (19%) - 19,15 € 

Total  119,96 € 
Table 17. Landefeld order 2 account 

Provider: Metall-Fachhandel 

Material Unities Total cost 

Aluminium sheets 2x600x590 4 65,19 € 
Sending costs - 9,50 € 
Incoming Taxes (19%) - 14,20 € 

Total  88,89 €  
Table 18. Metall-Fachhandel order account 

Provider: S-Polytec 

Material Unities Total cost 

Plexiglass sheets 4x400x590 4 52,36 € 
Sending costs - 9,90 € 
Incoming Taxes (19%) - 9,94 € 

Total  62,26 € 
Table 19. S-Polytec order account 

Provider: SMT GmbH 

Material Unities Total cost 

Feet support 2 27,36 € 
Package - 3,00 € 
Sending costs - 6,90 € 
Incoming Taxes (19%) - 7,08 € 

Total  44,34 €  
Table 20. SMT GmbH order account 

Provider: Thorlabs 

Material Unities Total cost 

Periscope 1 444,19 € 
Sending costs - 7,88 € 
Incoming Taxes (19%) - 85,89 € 

Total  537,96 € 
Table 21. Thorlabs order account 
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Adding the costs of all the orders, the total cost of the bought material can be obtained. 

Provider Cost 

HPSolutions 172,87 € 
Landefeld (order 1) 52,46 € 
Landefeld (order 2) 119,96 € 
Metall-Fachhandel 88,89 € 
S-Polytec 62,26 € 
SMT GmbH 44,34 € 
Thorlabs 537,96 € 

Total 1.078,74 € 
Table 22. Total orders account 

Accounts for the use of machines  

Other materials that were already present in the institute were also used. In this case we will 
account the cost per use.  

Material Estimated Cost Estimated live Time used Employment cost 

Aluminium Profiles 10 € 40 years 6 months - 
Laser System 200.000 € 15 years 2 months 2.222 € 
Camera SA 1.1 90.000 € 10 years 1 month 750 € 
Drilling machine 15.000 € 25 years < 10 hours - 

Total    2.972 € 
Table 23. Account for use of machines 

The drilling machine was also employed for the preparation of the experiments, specifically for 
making holes in the aluminium and plexiglass sheets. However, this machine has a long 
estimated live (it is an old model that has been already for many years in the workshop) and 
the total amount of hours in which it was used do not go above the 10 hours. Therefore, its 
share in this cost will be considered insignificant. The cost of the aluminium profiles is very 
small, so this account will also not be accounted. 

Accounts for personal 

The costs concerning the working hours of all the persons related with the experiment must 
be also accounted. The table 24 shows the working hours of all the persons implicated in this 
project. 

 Mechanic 
worker 

Student 
engineer 

Professional 
engineer 1 

Professional 
engineer 2 

Workshop activities 10 h 20 h   
Preliminary study  50 h 5 h  
Experiments design  100 h 10 h 10 h 
Laser alignment  10 h 10 h 10 h 
Laboratory preparation  50 h  50 h 
Experiments  24 h 5 h 24 h 
Experiment dismantle  4 h  4 h 
Data Analysis  100 h 10 h 10 h 
Document Writing  30 h   
PIV formation  20 h   

Total of hours 10 h 408 h 40 h 108 h 

Average salary 16 €/h 12,5 €/h 22€/h 22 €/h 

Total cost 160 € 5.100 € 880 € 2.376 € 
Table 24. Working hours account 
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For the estimation of the average salaries of a professional engineer and a mechanic worker 
in Germany, different websites that have made a poll about it have been consulted. According 
to these sources a professional engineer working in the research field earns in average a 
salary of 42.300 € per year in Germany, which results in an average of 22 € per hour 
(Weltersbach, s.f.). On the other hand, a mechanic worker in Germany receives an average 
salary of 2.500 € per month, which corresponds to 16 € per hour (Gehalt.de, 2020). For the 
estimation of the salary of a student engineer the salary paid to the students working on the 
Technical University of Berlin has been taken into consideration, which is 12,5 € per hour. 

The sum of all the personal costs is consequently: 

Personal Cost 

Mechanic worker 160 € 
Professional engineer 1 880 € 
Professional engineer 2 2.376 € 
Student engineer 5.100 € 

Total                                                                                                      8.516 € 
Table 25. Total working hours account 

 

 

Overall Costs Account 

 

With the knowledge of the cost of the three accounts, the overall costs spent for this project 
can be determined. 

 

Account Cost 

Materials 1.078 € 
Use of machines 2.972€ 
Personal 8.516 € 

Total 12.566 € 
Table 26. Overall costs account 
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11. APPENDIX 

 

11.1. Fittings for initial seeding supply line 

Number Item Male/Female Thread Quantity 
Ordering 
Number 

1 
Fitting for air 
supply M 

G1/2" 
ISO Parallel 
Thread RS 1 

SS-CM-ML6-
RS8 

2 
Fitting for 
seeder input M 

G1/2" 
ISO Parallel 
Thread RS 1 

SS-CM-ML6-
RS8 

3 
Fitting for 
seeder output F 

G1/2" 
ISO Parallel 
Thread RG 1 

SS-CF-ML6-
RG8 

4 
Fitting for 
shut-off valve M 

G1/4" 
ISO Parallel 
Thread RP 4 

SS-CM-ML6-
RP4 

5 

T-piece for 
separating 
ways for the 
combustor - - 1 SS-TTT-ML6  

6 
Fitting for 
needle valve M 

G1/4" 
ISO Parallel 
Thread RP 4 

SS-CM-ML6-
RP4 

7 

T-piece for 
pressure 
transducer - - 1 SS-TTT-ML6  

8 

Fitting for 
pressure 
transducer F 

G1/4" 
ISO Parallel 
RP 1 

SS-CF-ML6-
RP4  

9 

Fitting 
between hose 
and tube 
(male) M 

G1/4" 
ISO Parallel 
Thread 3 IQSG 146 G 

10 

Fitting 
between hose 
and tube 
(female) F 

G1/4" 
ISO Parallel 
Thread  3 

SS-CF-ML6-
RP4 

11 
Fitting for 
combustor M 

Metric  
Thread 10x1 
(MRS) 3 

SS-CM-ML8-
MRS10 

12 Fitting for box M Metric M14x1 1 IQSS 60 

13 Shut-off valve F 
G1/4" 
BSPP (for RP) 2 BOSS-FRP4-05 

14 Needle valve F 
G1/4" 
BSPP (for RG) 2 

NGSS-FRP4-7 

Table 27. Fittings for supply line 
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11.2. PIVview Manual 

The RDC group of the Fluid Mechanical und Technical Acoustic institute of the Technical 
University of Berlin makes use of the software PIVview 2C/3C version 3.6, supplied by the 
PIVTEC enterprise, for the PIV evaluations. A good knowledge of the use of this program is 
necessary to complete a successful evaluation of this experiments. Thus, a practical guide, 
including all the important parts required for its use, is written in the following paragraphs. It 
does not intend to be a complete manual, as the enterprise also provides one for this purpose, 
but rather a practical guide more directed for the experiments that will be performed in this 
institute. 

After having recorded the images, one of the first choices that must be made is the type of 
correlation method that will be employed to calculate the velocities. The PIVview software 
allows the users to select this evaluation mode that will be carried, in order to run a good 
analysis of it afterwards. There software provides three options 

• the autocorrelation method (single frame / multi exposure) 

• the cross-correlation method (multi frame / single exposure)  

• the speckle displacement 

The speckle displacement evaluation is similar to the cross-correlation method but ends up 
calculating the displacement instead of the velocity. 

In the Image Pre-Processing menu, some parameters that will influence the posterior PIV 
evaluation can be adjusted. 

This software can improve the data yield in images suffering from strong background 
artefacts by subtracting a specified image. The possibility for that can be found at the 
option Subtract Background within the Tab Background. 

In some experiments some regions of the flow might not be required for the study. To 
prevent that additional and worthless computational time the software allows the 
creation of image masks that can be overlaid on the images to prevent the evaluation 
in these areas. This possibility is found in the tab Mask. 

In the PIV Evaluation Setup menu many options to define the evaluation process are defined. 

In the Tab Sample three important parameters to be defined can be found: 

• The option Window Size defines the area of the interrogation window that will be 
used for the local cross-correlation analysis. 

• The option Step Size defines the increment with which the images are sampled. 
This value defines the mesh size of the final data size. The typical values use to lie 
around 50% of the window size, which successfully seems to satisfy the sampling 
criterion. A greater sample overlap can produce over-sampled data that does not 
necessarily yield additional information. 

• The option Image Offset defines a constant integer offset to the interrogation 
windows by offsetting the images with respect to each other to minimize the loss 
of pairs occurring in the multi frame recording of the flow. 

The selector Correlation Mode within the Tab Correlate defines which type of 
correlation algorithm is to be used. The Standard (FFT) Correlation is the default and 
a fast mode. On the other hand, there are other possibilities as the Minimum Squared 
Differences or the Error Correlation Function that apply other algorithms that require 
more time but commit a lower error. 

In the tab Algorithm, the type of correlation application is determined. The standard, 
single-pass interrogation is faster and recommended in the first research of the flow. 
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However, for a deeper examination the other options, Multiple-pass interrogation and 
Multi-grid interrogation should be applied. 

In this software several methods for outlier detection are available in the option Outlier 
Detection Filter, within The Tab Validate. The recommended technique to achieve 
better results is to combine some of these methods. 

Once outliers have been detected they can be replaced with new data in the option 
Outliers Replacement Scheme. Two replacement schemes are available. If the vast 
majority of the vectors have been correctly calculated the Interpolation option can be 
valid. Otherwise the option Other Correlation Peaks shall be selected. 

In the Tab Convert, the pulse delay and magnification factors must be stablished. 

In the Tab File Extensions, the option PIV Images Pairs is used for cross-correlation PIV and 
defines the first image of a pair of single exposed PIV images. 

In the same Tab, the option Mask Images contains the images that are overlaid on the 
researched figures and avoid the evaluation in that area. 

The Global Histogram Dialog represents all the displacement values that have been calculated 
in the studied region in the images. It can be employed as a tool for data validation, creating 
a specific area that will include the validated displacements, stablishing that all the vectors 
whose displacement is not included in this area are outliers and not reliable. 

The Batch PIV Processing should be used when several images are recorded and a mean 
and root mean square of the displacement and velocity are desired. The option Perform 
ensemble correlation calculates an averaged correlation plane from all images, instead of 
doing it for each pair and computing later the mean plane. This method decreases the 
computation time to obtain a mean data set. 
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11.3. Conditions of experiments 

 

Test 
Number Massflow Equivalence Ratio 

Frames per 
second (fps) Seed level Pressure  Restriction 

1 200 1.0 20000 2 5 0 

2 250 0.8 20000 2 5 0 

3 250 0.93 20000 2 5 0 

4 300 1.0 20000 2 5 0 

5 300 1.0 100000 2 5 0 

6 300 1.0 20000 2 5 0 

7 100 1.0 100000 2 5 0 

8 200 1.0 100000 2 5 0 

9 300 1.0 100000 2 5 0 

10 300 1.0 100000 2 4 0 

11 300 1.0 100000 2 6 0 

12 100 1.0 100000 2 5 25 

13 200 1.0 100000 2 5 25 

14 300 1.0 100000 2 5 25 

15 100 1.0 100000 3 5 0 

16 200 1.0 100000 3 5 0 

17 300 1.0 100000 3 5 0 

18 300 1.0 100000 4 5 0 

19 200 1.0 100000 4 5 0 

20 100 1.0 100000 4 5 0 

21 100 1.0 100000 1 5 0 

22 200 1.0 100000 1 5 0 

23 300 1.0 100000 1 5 0 

24 300 1.0 100000 plenum 5 0 

25 200 1.0 100000 plenum 5 0 

26 100 1.0 100000 plenum 5 0 
Table 28. Conditions of every experiment 
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11.4. Results of experiment measurements 

 

Test 
Number 

Light 
intensity 1 

Standard 
Deviation 1 

Illuminated 
pixels 1 

Light 
intensity 2 

Standard 
Deviation 2 

Illuminated 
pixels 2 

7 206,75 257,32 27487 379,1 201,7 884,6 

8 1233,1 1676,6 31641 3715 1873,8 900 

9 508,21 587,72 30351 1463,6 910,7 897,6 

10 242,82 252,88 27865 621,9 398,2 873,3 

11 204,12 235,39 26806 426,7 278,4 868,6 

12 632,93 1315,6 31644 1664,1 528,2 900 

13 936,55 1.236,10 31767 2713,3 1267,5 900 

14 483,68 868,13 29915 2260,5 1216,6 898,2 

15 238,64 507,66 27889 361,3 216,4 879,2 

16 601,39 821,92 29961 1701 871,5 899,8 

17 323,01 380,38 29297 894 593,8 891 

18 492,05 901,45 29426 2475,5 1978,6 897,9 

19 112,48 98,9 23072 205,6 133,3 773,2 

20 125,72 262,06 24036 184,5 170,4 753,7 

21       
22 425,42 939,55 31526 1032,8 625,2 899,8 

23 468,98 677,52 32741 1219,6 621,9 896,9 

24 275,34 344,41 31894 464,6 197,5 894,9 

25 162,78 225,73 28961 237,7 146,1 843,4 

26 163,45 503,33 29191 238,1 299,9 841,1 
Table 29. Results of experiment measurements 

*1 corresponds to the entire image of 192x192 pixels 

*2 corresponds to the cropped image of 30x30 pixels 
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11.5. Analysis of small image close to combustor MATLAB code 

disp('Analysis small image 1') 

FilesRun = dir('*.tif'); 

% vector = [268 128 29 29]; 

vector = [160 89 29 29]; 

for i = 1:5000 

image = imread(FilesRun(i).name); 

image = double (image); 

image = imcrop(image,vector); 

MeanRun(i) = mean(image(:)); 

StdRun(i) = std(image(:)); 

illpar = (image(image > 1)); 

Numillpar(i) = length(illpar); 

time(i) = i/100000; 

end 

TotalMeanRun = mean(MeanRun); 

TotalStdRun = mean(StdRun); 

TotalNumillpar = mean(Numillpar); 

plot(time,MeanRun) 

plot(time,StdRun) 

plot(time,Numillpar) 
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11.6. Phase Average MATLAB code 

 

disp('Phase Average') 

  

 % for images between 0º and 20º 

 A = zeros(192,192); 

 a = 0; 

  % for images between 20º and 40º 

 B = zeros(192,192); 

 b = 0; 

  % for images between 40º and 60º 

 C = zeros(192,192); 

 c = 0; 

   % for images between 60º and 80º 

 D = zeros(192,192); 

 d = 0; 

   % for images between 80º and 100º 

 E = zeros(192,192); 

 e = 0; 

   % for images between 100º and 120º 

 F = zeros(192,192); 

 f = 0; 

   % for images between 120º and 140º 

 G = zeros(192,192); 

 g = 0; 

   % for images between 140º and 160º 

 H = zeros(192,192); 

 h = 0; 

   % for images between 160º and 180º 

 T = zeros(192,192); 

 t = 0; 

   % for images between 180º and 200º 

 J = zeros(192,192); 

 j = 0; 

   % for images between 200º and 220º 

 K = zeros(192,192); 

 k = 0; 

   % for images between 220º and 240º 

 L = zeros(192,192); 

 l = 0; 

   % for images between 240º and 260º 

 M = zeros(192,192); 

 m = 0; 

   % for images between 260º and 280º 

 N = zeros(192,192); 

 n = 0; 

   % for images between 280º and 300º 

 O = zeros(192,192); 

 o = 0; 

   % for images between 300º and 320º 

 P = zeros(192,192); 

 p = 0; 

   % for images between 320º and 340º 

 Q = zeros(192,192); 

 q = 0; 

   % for images between 340º and 360º 

 R = zeros(192,192); 

 r = 0; 
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 FilesRun = dir('*.tif'); 

 z = 0; 

 for i = 1:5000 

     image = imread(FilesRun(i).name); 

     image = double (image); 

     % Frequency is different for every experiment 

     Freq = 4500; 

     WavePeriod = 1/Freq; 

     Gap = WavePeriod/18; 

     z = 0.00001*i; 

     y = mod(z,WavePeriod); 

     if (0<=y) &&  (y<Gap) 

         A = A+image; 

         a = a+1; 

     end 

     if (Gap<=y) && (y<Gap*2) 

         B = B+image; 

         b = b+1; 

     end 

     if (Gap*2<=y) && (y<Gap*3) 

         C = C+image; 

         c = c+1; 

     end  

     if (Gap*3<=y) && (y<Gap*4) 

         D = D+image; 

         d = d+1; 

     end  

     if (Gap*4<=y) && (y<Gap*5) 

         E = E+image; 

         e = e+1; 

     end  

     if (Gap*5<=y) && (y<Gap*6) 

         F = F+image; 

         f = f+1; 

     end 

     if (Gap*6<=y) && (y<Gap*7) 

         G = G+image; 

         g = g+1; 

     end 

     if (Gap*7<=y) && (y<Gap*8) 

         H = H+image; 

         h = h+1; 

     end 

     if (Gap*8<=y) && (y<Gap*9) 

         T = T+image; 

         t = t+1; 

     end 

     if (Gap*9<=y) && (y<Gap*10) 

         J = J+image; 

         j = j+1; 

     end 

     if (Gap*10<=y) && (y<Gap*11) 

         K = K+image; 

         k = k+1; 

     end 

     if (Gap*11<=y) && (y<Gap*12) 

         L = L+image; 

         l = l+1; 

     end 

     if (Gap*12<=y) && (y<Gap*13) 

         M = M+image; 
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         m = m+1; 

     end 

     if (Gap*13<=y) && (y<Gap*14) 

         N = N+image; 

         n = n+1; 

     end 

     if (Gap*14<=y) && (y<Gap*15) 

         O = O+image; 

         o = o+1; 

     end 

     if (Gap*15<=y) && (y<Gap*16) 

         P = P+image; 

         p = p+1; 

     end 

     if (Gap*16<=y) && (y<Gap*17) 

         Q = Q+image; 

         q = q+1; 

     end 

     if (Gap*17<=y) && (y<Gap*18) 

         R = R+image; 

         r = r+1; 

     end 

 end 

 A = A/a; 

 B = B/b; 

 C = C/c; 

 D = D/d; 

 E = E/e; 

 F = F/f; 

 G = G/g; 

 H = H/h; 

 T = T/t; 

 J = J/j; 

 K = K/k; 

 L = L/l; 

 M = M/m; 

 N = N/n; 

 O = O/o; 

 P = P/p; 

 Q = Q/q; 

 R = R/r; 
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11.7. Initial Planification 
 
 

 
Figure 67. Initial Gantt Diagram part 1 
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Figure 68. Initial Gantt Diagram part 2 


