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a b s t r a c t 

The showerhead is the most common type of injector used in hybrid rocket motors due to its design and man- 

ufacture simplicity. The main drawback of the showerheads (SH) is the relatively low performance in terms of 

combustion efficiency because of the poor atomization of the liquid oxidizer. This study investigates the problem 

to enrich the technical literature by presenting detailed experimental data on showerhead injectors by a series of 

static firing tests using a 1-kN lab-scale hybrid rocket, applying four kinds of showerhead injectors, named SH1 

(benchmark), SH2, SH3, and SH4. They differ from each other by the number, distribution, and dimension of 

the orifice elements. Main performance parameters such as fuel regression rate, specific impulse, and combustion 

efficiency are experimentally obtained. 

Two different series of tests were carried out. At first, the influence of SH injector geometries was studied. 

The injectors SH2, SH3, and SH4 were used under the same initial conditions, and the results were compared 

with SH1. In the second set of tests, the SH4 injector was chosen, and the effects of the fuel grain initial port 

diameter were investigated. Using the data obtained in the second battery of tests was possible to determine 

the influence of the fuel port diameter on the motor efficiency and establish the regression rate law of nitrous 

oxidizer/paraffin-based fuel for this specific configuration. 
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. Introduction 

The development of hybrid propulsion systems based on hydrocar-

ons fuels is becoming a technology asset for small launchers and new

eneration space transportation systems. In particular, hybrid rocket

otors based on N 2 O/Wax or LOX/Wax are potential candidates for fu-

ure transportation systems since they combine the advantages of both

olid and liquid propulsion systems. Hybrid rocket motors are safe and

ow-cost, and they use half of the feed lines of the liquid rockets, preserv-

ng the operation flexibility. Contrary to typical solid rockets, they are

 low explosive hazard [1–3] . While hybrid rockets inherit advantages

rom liquid and solid systems, there are also challenges to be overcome

n order to advance the technology [4] . The main drawbacks of classical

ybrid fuels are low regression rate of the solid fuel, poor combustion

fficiency, and therefore a low specific impulse [ 3 , 5 ]. 

In a typical hybrid rocket motor configuration, the fuel is solid, and

he oxidizer is liquid. A liquid oxidizer is injected in the form of a spray

hrough an atomizer. In ideal cases, it vaporizes and reacts with the fuel,

ainly inside the fuel grain port, where combustion takes place. How-
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ver, when a short prechamber is applied or complete vaporization of

he liquid oxidizer is not satisfied, the process may likely still occur in the

ombustion port and, sometimes, even in the post-chamber. Then, the

esigned performance is impacted if the mixing and burning at a proper

xidizer to fuel ratio is not achieved inside the motor. In other words,

he project of the injector system is central for the atomization and va-

orization process that potentially leads to better mixing and burning

ith the solid fuel. 

The oxidizer injection plays a crucial role in liquid and hybrid en-

ines’ combustion efficiency and performance [6] . The characteristics

f the spray can significantly affect not only the efficiency but also the

ombustion stability [7] . Different spray characteristics can be achieved

y changing the atomizer configuration. Predicting the influence of the

xidizer injector configuration on the motor characteristics such as re-

ression rate, thrust, and specific impulse would help facilitate hybrid

ocket propulsion development. 

The well-designed injector may be fairly widespread in combustion

fficiency in various applications such as liquid rocket propulsion sys-

ems. In general, recent well-designed injection systems have demon-

trated c ∗ efficiencies close to 100% of the theoretical values that the
y Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open 
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Fig 1. Shelter in 1 Wing Air Base of Belgium at Beauvechain, with the hybrid 

motor. 
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Nomenclature 

Symbols 
𝐴 𝑡 Throat nozzle area 

𝐴 𝑖𝑛𝑗 Area of the orifice in injector plate 

𝐶 𝐷 Discharge coefficient 

𝑐 ∗ 
𝑒𝑥𝑝 

Experimental characteristic velocity 

𝑐 ∗ 
𝑡ℎ 

Theoretical characteristic velocity 

𝐶 𝐹 Thrust coefficient 

𝐷 𝑖𝑛𝑗 Diameter of orifice in injector plate 

𝑑 𝑓 Final port diameter of the fuel grain 

𝐹 Thrust 

𝐹 Average thrust 

𝐼 𝑠𝑝 Specific impulse 

�̄� 𝑜𝑥 Average oxidizer mass flux 

�̄� 𝑜𝑥 _ 𝑖 Average initial oxidizer mass flux 

𝑔 0 Gravitational acceleration constant 

𝐿 𝑔 Fuel grain length 

�̇� Total average mass flow 

�̇� 𝑜𝑥 Average oxidizer mass flow rate 

�̇� 𝑓 Average fuel mass flow rate 

Δ𝑚 𝑓 Burnt fuel mass 

𝑁 𝑖𝑛𝑗 Number of orifices in injector plate 

𝑂∕ 𝐹 Oxidizer-to-fuel ratio 

𝑂∕ 𝐹 Experimental average oxidizer-to-fuel ratio 

𝑢 𝑜𝑥 Oxidizer velocity 

𝑢 𝑧 Axial component of the oxidizer velocity 

𝑃 𝑐 Combustion chamber pressure 

𝑃 𝑐 Average combustion chamber pressure 

𝑃 𝑡𝑏𝑡 Test bench tank pressure of N 2 O 

�̇� Average regression rate 

𝑡 𝑏 Burning time 

𝜌 Density 

𝜂𝑐 ∗ Characteristic velocity efficiency 

𝜇 Dynamic viscosity 

𝜎 Surface tension 

Abbreviations 
HRM Hybrid rocket motor 

LOX Liquid oxygen 

N 2 O Nitrous oxide 

PVC Polyvinyl-chloride 

RMA Royal Military Academy of Belgium 

SH Showerhead injector 

SMD Sauter Mean Diameter 

ULB Université Libre de Bruxelles 

UnB University of Brasilia 

Subscripts 
f Fuel 

inj Injector 

G Gas 

L Liquid 

ox Oxidizer 

bility to measure this parameter is the limiting factor in its determina-

ion. Examples are the Space Shuttle Main Engine (99.7%) and the upper

tage XLR-132 engine (99%) [8] . However, due to the lack of maturity,

he impact of the injection system on the hybrid rocket still matters of

tudy. 

The most common injector plate is the showerhead (SH) type. The

H injector sprays the oxidizer into the combustion chamber through

oncentric rows of orifices, and it is known to produce a high-velocity jet

f oxidizer penetrating the combustion chamber. The parallel injection
232 
orts are easy to manufacture, and the distribution and dimension of

he holes determine the spray characteristics. 

In this work, four different showerhead injectors were designed,

anufactured, and tested to investigate the influence of the injector’s

onfiguration on motor performance. The study was performed by fir-

ng tests using 1kN lab-scale hybrid rocket motor developed at Univer-

ité Libre de Bruxelles (ULB) in collaboration with the Royal Military

cademy of Belgium (RMA). 

. Experimental setup and methodology 

.1. Lab-scale test bench design 

All tests were carried out using the ULB-HRM test bench, installed

nside a safe shelter at the 1 Wing Air Base of Belgium at Beauvechain

 Fig. 1 ). The test stand was developed in collaboration between Univer-

ité Libre de Bruxelles (ULB) and the Royal Military Academy of Belgium

RMA). 

The test bench was designed for experimental investigations of a 1-

N hybrid rocket motor using liquid nitrous oxide as oxidizer and paraf-

n as fuel. The experimental setup consists of the motor assembled on

 horizontal bench, the oxidizer feeding system, an automatic control

ystem, and gas extraction. A data acquisition system completes the

est stand subsystems framework. The test bench schematic is shown

n Fig. 2 . 

The testing setup provides the thrust, pressures, and temperatures

easurements. The thrust is measured by a load cell SENSY model 2962.

he load cell had been calibrated in the range of the motor thrust em-

loying standard weights. Another load cell (TEDEA model 615) is used

o measure the weight of the oxidizer. The latter is transferred from

ommercial bottles to the test bench tank to provide the same condi-

ions for each test. Both load cells are connected to a COND-SGA charge

mplifier. The pressure measurements are taken on the feed line, test

ench oxidizer tank, before the injector, and in the pre-chamber. Pres-

ure transmitters used have a range of up to 100 bar. The chamber pres-

ure is taken by a Kistler piezoelectric pressure sensor coupled with a

harge amplifier type 5015. It is located in the post-combustion cham-

er. Type K thermocouples take temperature values plugged into a dat-

logger TM500. 

The data acquisition system is programmed in LabView software, and

t is integrated via the NI USB-6218, NI USB-9215 cards, and a control

ox. The LabView program allows complete remote control of the events

uring experiments. 

The test facilities are equipped with two video cameras, GoPro 5

lack, and a smartphone remotely controls them. One camera serves



M. Bouziane, A.E.M. Bertoldi, P. Hendrick et al. FirePhysChem 1 (2021) 231–243 

Fig 2. Schematic of ULB-HRM test bench [10] . 

Fig 3. 3D view of the ULB-HRM motor. 
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afety purposes, and it is located in such a way that it gives the operator

 global view of the experimental setup. A second camera to record the

xhaust plume is placed near the nozzle. And the detailed description

f the test bench, its control system, ULB-HRM motor design, ignition

ystem, and testing procedure can be found in [9] . 

.2. Motor design 

The hybrid rocket motor used in this experimental investigation

s shown in Fig. 3 . Basically, the motor concept is modular, contain-

ng three main parts (pre-chamber, combustion chamber, and post-

ombustion chamber with convergent-divergent nozzle), which permits

ifferent configurations concepts as easy-to-use and easy-to-assembly.
233 
hese characteristics enable the repeatability and reliability of the ex-

erimental setup. 

The pre-chamber is 100 mm long, and it is the distance between the

njector plat and the front surface of the fuel grain. The ignition sys-

em and the injector adapter are placed in this section. The combustion

hamber accommodates a Ø140 mm outer diameter fuel grain and a

5 mm length of post-chamber. The convergent-divergent nozzle has a

raphite shell that covers the critical section and the divergent part. The

hroat section is Ø22 mm in diameter. After the tests, an inspection in

he nozzle is done, and a new graphite insert is placed if necessary. 

The total motor length is 440 mm, and the external diameter of the

ombustion chamber is Ø154 mm. All three parts can be disassembled

n modules, which allows a fast and easy substitution of its components,

ainly fuel grains, ignition cartridge charge, injector plates, and nozzle

raphite insert. Table 1 represents the motor’s main theoretical param-

ters, showing the target of 1 kN thrust for 550 g/s oxidizer mass flow

ate. 

.3. Injector’s design 

The injection system in a classical hybrid rocket motor determines

he atomization and homogeneity of the injected liquid oxidizer and

he efficiency and stability of the combustion [11] . Therefore, some ba-

ic rules and requirements are followed to design the injectors used,

ased on Gamper and Hink, 2013 [12] . Three non-dimensional num-

ers can describe the atomization of the fluid injected through injector

rifices. The Reynolds number, defined by Eq. 1 , represents the ratio

f the inertia force to the viscous force. For typical orifices, this needs

o be larger than 2300 [12] to achieve turbulent flow and enhance the

ixing process. The second non-dimensional number is the Ohnesorge

umber defined by Eq. 2 . It relates viscosity to the forces of the droplet

eformation. Finally, the Weber number ( Eq. 3 ) compares the inertia
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Table 1 

Theoretical parameters of the ULB-HRM 

Parameter Parameter 

Oxidizer N 2 O 𝑂∕ 𝐹 shift optimum ∼ 7.9 

Fuel Paraffin Oxidizer mass flow rate (g/sec) 550 

Nominal thrust (kN) 1.0 Average Fuel mass flow rate (g/sec) 70 

Chamber pressure (bar) 20 to 30 Total mass flow rate (g/sec) 620 

Nozzle expansion rate 5.2 Operation time (s) 5 to10 

Fig. 4. SH1, benchmark showerhead injector. 
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orce to the surface forces between the liquid and gaseous phases. This

umber needs to be larger than 50 [12] to create small droplets. 

𝑒 = 

𝜌 ⋅ 𝑢 𝑜𝑥 ⋅𝐷 𝑖𝑛𝑗 

𝜇𝐿 

(1)

ℎ = 

𝜇𝐿 √
𝜌 ⋅ 𝜎 ⋅𝐷 𝑖𝑛𝑗 

(2)

 𝑒 = 

𝜌 ⋅ 𝑢 𝑜𝑥 
2 ⋅𝐷 𝑖𝑛𝑗 

𝜎
(3)

Based on the theory of a plain orifice injector, the axial injection

elocity ( 𝑢 𝑜𝑥 ) is given by Eq. 4 . The Sauter Mean Diameter (SMD) is the

ost widely used to estimate droplet size the average particle size in

he atomized region. It is calculated by Eq. 5 , as proposed by Tanasawa

nd Toyoda [13] . 

 𝑜𝑥 = 

�̇� 𝑜𝑥 

𝜌𝑜𝑥 ⋅ 𝐴 𝑖𝑛𝑗 

(4)

𝑀𝐷 = 47 
𝐷 𝑖𝑛𝑗 

𝑢 𝑜𝑥 

( 

𝜎

𝜌𝑜𝑥 _ 𝐺 

) 0 . 25 ⎡ ⎢ ⎢ ⎢ ⎣ 
1 + 331 

𝜇𝐿 (
𝜌𝑜 𝑥 _ 𝐿 

⋅ 𝜎 ⋅𝐷 𝑖𝑛𝑗 

)0 . 5 

⎤ ⎥ ⎥ ⎥ ⎦ 
(5)

The first showerhead (SH1) has 11 orifices with a 1.4 mm diameter,

hich are spread equally in two different radiuses and one in the center

 Fig. 4 ) to deliver a homogenous distribution of the oxidizer into the

hamber. The injector provides around 400 g/s as the oxidizer flow rate

f liquid nitrous oxide. 

Fig. 5 presents the design of three other showerhead injectors (SH2,

H3, and SH4), designed based on the first results obtained using SH1.

o make a fair comparison, the oxidizer mass flow rate is fixed at 550g/s

or all these three injectors. The SH2 has the same configuration as SH1,

ut the diameter of the orifice is larger, therefore the mass flow rate is

igher for an equal feeding pressure of 60 bar. The SH3 and SH4 differ

y the number of orifices and their distribution density over the injec-

or surface. Table 2 summarizes the characteristics of the N O injectors.
2 

234 
ig. 6 compares the SMD produced using SH2, SH3, and SH4, which in-

reases its value as the diameter of the injector orifices increases, main-

aining the same oxidizer flow rate through all three injector plates.

able 3 gives some nitrous oxide properties, and the gas density is given

t ambient pressure and temperature. 

. Theory and calculation 

This research was performed using the same test bench as in [10] and

he same method for analyzing test data. Several operational and perfor-

ance parameters such as thrust, oxidizer, and fuel consumption, and

ressures are collected during each test. 

Pressure data are monitored at four locations: in the combustion

hamber, in the test bench tank (feeding pressure), upstream and down-

tream the injector plate. The data acquisition sample rate is set to 8192

z (2 13 Hz) to obtain signal accuracy and compare the results with

nother work. The sample rate also is chosen to refine the data post-

rocessing signal. The fuel consumption is measured by weighing vari-

tion, pre- and post-test mass of the solid fuel grain. 

In order to provide equal feeding pressure conditions, in all

ests, the liquid N 2 O is transferred from the commercial cylinders

o the test facility tank and pressurized up to 60 bar by N 2 gas.

 load cell is used to monitor the weight of the oxidizer test

ank. 

The average oxidizer mass flow rate is calculated by dividing the to-

al injected mass of N 2 O by the burning time. These data, together with

he measured fuel mass flow rate, are used to evaluate the propellant to-

al mass flow rate and the average oxidizer-to-fuel ratio 𝑂∕ 𝐹 , expressed

n Eq. 6 . The optimum value for a paraffin/N 2 O system is reported to be

ear to 8.0 in a chamber pressure of 20 bar, which is high compared to

ther fuel/oxidizer systems in hybrid rocket propulsion. By comparison,

 paraffin/LOX system is more energetic with an optimum 𝑂∕ 𝐹 of 2.5

14] . 

∕ 𝐹 = 

�̇� 𝑜𝑥 

�̇� 𝑓 

(6) 

The average regression rate is calculated based on the experimental

esults and determined by the diameter variation of the fuel combustion

ort during the total burning time, and it is given by Eq. 7 : 

̇ = 

𝑑 𝑓 − 𝑑 𝑖 

2 𝑡 𝑏 
(7) 

The definitions for the burning time and pressure rise (ignition tran-

ient time) are defined in [3] . Fig. 7 presents a typical graph of the cham-

er pressure during motor operation and the points where are defining

he burning times. In general, the starting burning time is from 5 to 10%

f the initial maximum value of pressure rise, as presented in Fig. 7 , and

he end of the burning time represents 20 to 40% of the initial maximum

alue of pressure. It varies because the combustion time, besides close,

s not precisely the same for each test. In addition, these intervals from

 to 10% for the starting burning time, or 20% to 40% for the end of

urning time, are small compared to average main pressure, due to the

ressure or thrust transients (ignition and termination) are quite fast in

his engine. 

The initial port diameter, 𝑑 𝑖 , is input data and is measured before

he tests. In the first set of firing tests, the initial port diameter is equal
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Fig. 5. Showerhead injectors design (a)-SH2, (b)-SH3, and (c)- 

SH4. 

Table 2 

Characteristics of the four SH injectors. 

Injector d inj , mm N inj u ox (m/s) Re Oh We SMD (μm) 

SH1 1.4 11 30.6 1.02 × 10 5 6.38 × 10 − 4 4.22 × 10 3 1567.9 

SH2 1.9 11 22.8 1.03 × 10 5 5.48 × 10 − 4 3.19 × 10 3 2779.9 

SH3 1.4 21 24.4 8.10 × 10 4 6.38 × 10 − 4 2.67 × 10 3 1969.6 

SH4 0.8 71 20.0 3.79 × 10 4 8.44 × 10 − 4 1.03 × 10 3 1450.6 

Table 3 

Nitrous oxide proprieties at standard state. 

Liquid density 𝜌𝑜𝑥 _ 𝐿 ( 𝑘𝑔∕ 𝑚 3 ) Gas density 𝜌𝑜𝑥 _ 𝐺 ( 𝑘𝑔∕ 𝑚 3 ) Surface tension 𝜎 ( 𝑁∕ 𝑚 ) Dynamic viscosity 𝜇𝐿 ( 𝑃𝑎.𝑠 ) 

772.25 1.83 0.24 325 × 10 − 6 

Fig 6. SMD for different orifice diameters of the injectors. 

Fig. 7. Typical chamber pressure recording trace 
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235 
o 30 mm. In the second part of the work, it varies from 20 to 50 mm.

he initial port diameter has a significant effect on regression rate in

RMs, as reported in Refs. [15–17] and these values are defined based

nd limited by combustion chamber dimensions. 

The final port diameter, 𝑑 𝑓 , can not be measured directly due to

 non-uniformed fuel consumption during combustion and the compli-

ated (slightly deformed) fuel geometry after tests. In such cases, the

nal port diameter can be estimated by using the consumed fuel mass

easurements, expressed by Eq. 8 : 

 𝑓 = 

[ 
𝑑 2 
𝑖 
+ 

4Δ𝑚 𝑓 

𝜋 ⋅ 𝜌𝑓 ⋅ 𝐿 𝑔 

] 1∕2 
(8) 

The oxidizer mass flux is defined as the instantaneous oxidizer mass

ow rate over the cross-sectional area of the fuel grain port [3] . Its aver-

ge value formula is given by Eq. 9 , according to [18] . The initial value

an be calculated using Eq. 10 . 

̄
 𝑜𝑥 = 

16 ̇𝑚 𝑜𝑥 

𝜋
(
𝑑 𝑖 + 𝑑 𝑓 

)2 (9) 

̄
 𝑜𝑥 _ 𝑖 = 

4 ̇𝑚 𝑜𝑥 

𝜋𝑑 2 
𝑖 

(10) 

The motor’s thrust is measured with a load cell, which is possible

ecause of the horizontal free sliding installation with almost friction-

ess linkage. From the acquired data, the average thrust 𝐹 can be deter-

ined. However, the thrust is a property specific to every engine, and it

s not enough to compare different rocket motors. Therefore, the specific

mpulse 𝐼 𝑠𝑝 is used [19] . A higher number indicates better performance,

.e., the motor with the higher value of specific impulse is more efficient

ecause it produces more thrust for the same amount of propellant. The

pecific impulse is calculated based on Eq. 11 : 

 𝑠𝑝 = 

𝐹 

̄̇𝑚 ⋅ 𝑔 0 
(11) 

The theoretical 𝐼 𝑠𝑝 represents the ideal performance of the motor and

an be achieved at a certain 𝑂∕ 𝐹 . It is calculated for different chamber

ressures with the Explo5 software [20] , as shown in Fig. 8 . 

The characteristic velocity 𝑐 ∗ is a ballistic parameter that quantifies

otor performance, and it can be used to compare different propellants
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Fig. 8. Determination of the theoretical 𝐼 𝑠𝑝 as a function of 𝑂∕ 𝐹 for different 

conditions of chamber pressure. 

Fig. 9. Determination of the theoretical 𝑐 ∗ 
𝑡ℎ 

as a function of 𝑂∕ 𝐹 for different 

conditions of chamber pressure 
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Fig. 10. Characteristic velocity graph showing the calculation method of the 

motor efficiencies. 
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ombinations [3] . The experimental 𝑐 ∗ 
𝑒𝑥𝑝 

is given by Eq. 12 . The com-

ustion efficiency of the motor is given by Eq. 13 and it is the ratio of

he measured characteristic velocity, calculated by Eq. 12 , and theoret-

cal characteristic velocity calculated with the EXPLO5 thermochemical

oftware [20] . The 𝑐 ∗ 
𝑡ℎ 

is calculated for each test because different in-

ectors and conditions give a variation in the chamber pressure and the

∕ 𝐹 ratio. The data to estimate 𝑐 ∗ 
𝑡ℎ 

is generated with the Explo5 software

20] and can be visualized in Fig. 9 . 

 

∗ 
𝑒𝑥𝑝 

= 

𝑃 𝑐 ⋅ 𝐴 𝑡 

�̇� 

(12)

𝑐 ∗ = 

𝑐 ∗ 
𝑒𝑥𝑝 

𝑐 ∗ 
𝑡ℎ 

(13)

In the data analysis, the combustion efficiency ( 𝜂𝑐 ∗ ) is calculated ap-

lying Eq. 13 , with a 𝑐 ∗ 
𝑡ℎ 

corresponding to 𝑂∕ 𝐹 data. This efficiency

epresents a realistic estimation of the motor performance because it

ses a measured average oxidizer-to-fuel ratio. In Fig. 10 , the theoret-

cal characteristic velocity at 17.5 bar combustion chamber pressure is

resented. A red rhombus represents the experimental characteristic ve-

ocity value, and the thrust coefficient is defined by Eq. 14 [3] . 

 𝐹 = 

𝐹 

𝑃 𝑐 ⋅ 𝐴 𝑡 

(14)

The exhaust plume is the only visually available property of combus-

ion. To investigate it, each firing test was recorded using a video camera
236 
ith the following recording setting: 120 fps speed and 1080 dpi reso-

ution. An "intensity factor" is defined to illustrate and to characterize

he different appearances of the recorded exhaust plume: 

"2" for a large explosion flame as shown in Fig. 11 -a, 

"1" for stable flame combustion as shown in Fig. 11 -b, 

"0.5" for rather stables flames as shown in Fig. 11 -c, and 

"0" for flame blow-out and low-intensity flame as shown in

Fig. 11 -d. 

The influence of the ignition cartridge combustion on the main per-

ormance characteristics was also evaluated. It is concluded that the ig-

ition cartridge contribution to the thrust is negligible because the fuel

ass consumed during the ignition phase is lower than 15 grams, which

epresents less than 1.2% of the total fuel mass [9] . 

. Accuracy and reproductivity of firing test 

The used instrumentations exhibit a small systematic error, and, con-

equently, high accuracy of the test results may be achieved. Neverthe-

ess, the overall reproductivity of the firing test has a more significant

rror compared to the accuracy of the used sensors used and their in-

trumental error. All sensors are calibrated periodically before a test

ampaign. Many working parameters, all along with the experimental

etup, present a form of non-fully controllable output or non-fully con-

rollable variables: 

- Ignition of the starter composition; 

- Turbulence in the igniting gases; 

- Ignition of the paraffin fuel surface; 

- Quality (shape, density, etc.) of the fuel surface; 

- Quality of the combustion, achievement of chemical equilibrium, the

unburnt mass of fuel; 

- Turbulence inside the combustion chamber; 

- Combustion instability; 

- And some other environmental factors. 

All these parameters will somehow affect the final reproductivity of

he results. To minimize the impact of these uncertainties on the quality

f the experimental data, the tests are repeated at least 3 (three) times,

sing the same inlet conditions, to ensure the reliability of the results.

asic statistics performed on shows a fluctuation from 1% to 5% of the

verage values. 
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Fig 11. Exhaust plumes are characterized by an intensity fac- 

tor with values of: a- "2", b- "1", c- "0.5", and d- "0". 

Table 4 

Test results obtained with SH1 injector (average values). 

Test n° 𝑃 𝑡𝑏𝑡 , 𝑏𝑎𝑟 𝑑 𝑖 , 𝑚𝑚 �̇� 𝑜𝑥 , 𝑔∕ 𝑠 𝑡 𝑏 , 𝑠 𝑑 𝑓 , 𝑚𝑚 �̄� 𝑜𝑥 _ 𝑖 , 𝑔∕ 𝑐 𝑚 2 𝑠 �̄� 𝑜𝑥 , 𝑔∕ 𝑐 𝑚 2 𝑠 𝑂∕ 𝐹 �̇� , 𝑚𝑚 ∕ 𝑠 𝐼 𝑠𝑝 , 𝑠 𝑃 𝑐 , 𝑏𝑎𝑟 𝐶 𝐹 𝜂𝑐 ∗ , % at 𝑂∕ 𝐹 

SH1-1 60.0 30.0 393.8 6.8 124.4 55.7 8.4 2.7 6.90 162.9 17.7 1.29 95.3 

SH1-2 60.0 30.0 393.3 6.5 121.0 55.6 8.8 2.5 7.01 168.9 18.2 1.31 97.8 

SH1-3 60.0 30.0 387.7 6.4 118.6 54.9 8.9 2.6 6.96 165.6 17.3 1.31 95.0 

Fig. 12. Thrust and pressures as a function of time, test #SH1-3. 
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Fig. 13. The intensity value of the exhaust plume of firing test #SH1-3. 
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(  
. Experimental results 

The firing tests were conducted at the 1 Wing Air Base of Belgium

ocated in Beauvechain. No major problems occurred during these cam-

aigns, except for a few tests where the mass of the N 2 O tank or thrust

as not correctly recorded. These tests have not been post-processed

nd presented. 

.1. SH1 firing test results 

The first test series were performed with the injector SH1. This injec-

or has an average oxidizer mass flow rate of 391.6 g/s, and its geometry

s shown in Fig. 4 . Table 4 reports the average performance obtained

ith this injector. Initial conditions such as injection pressure (or pres-

ure in the oxidizer tank), grain length, and grain fuel composition were

ept unaltered. 

A typical graph of the generated thrust and the three pressure (feed-

ng pressure, pressure before injector, and chamber pressure) are pre-

ented in Fig. 12 . The average experimental specific impulse was around

0% of the theoretical value and average oxidizer to fuel rate 𝑂∕ 𝐹 rep-

esents 35% of the theoretical maximum value. 
237 
Fig. 13 represents the evolution of the flame intensity generated by

he motor during test #SH1-3. Two peaks are noticeable. They repre-

ent an explosive combustion (hard ignition) in the plume. The oxi-

izer injection at low temperature causes the first peaks; hence a blow-

ut occurs, and the flame falls back downstream of the injector. Mean-

hile, heat transfer to the fuel grain surface keeps on and produces more

uel vapor, which, when mixed appropriately with the injected oxidizer,

auses a second peak. Flame blow-out can occur due to the mixture ra-

io variations, as cited in Refs [ 21 , 22 ]. Generally, one observes a strong

ame blow-out during the first half of the combustion, i.e., between 5

o 5.8 s. The backflow is what we observe in the trace in Fig. 13 , af-

er the second explosion. The high axial velocity produced by the SH1

onfiguration propels the gaseous oxidizer through the nozzle, reducing

he combustion chamber’s residence time, preventing appropriate mix-

ng with the evaporating fuel, and eventually exiting the motor without

roper reaction/combustion. 

Because of the low value of oxidizer to fuel ratio reached with this

njector SH1 and the phenomenon of blow-out observed during all tests

ith SH1, we propose the three following injectors SH2, SH3, and SH4

 Fig. 5 ). These injectors made it possible to increase the oxidizer mass
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Table 5 

Test results obtained with SH2, SH3, and SH4 injectors (average values). 

Test n° 𝑃 𝑡𝑏𝑡 , 𝑏𝑎𝑟 𝑑 𝑖 , 𝑚𝑚 𝑡 𝑏 , 𝑠 �̇� 𝑜𝑥 , 𝑔∕ 𝑠 𝑑 𝑓 , 𝑚𝑚 �̄� 𝑜𝑥 _ 𝑖 , 𝑔∕ 𝑐 𝑚 2 𝑠 �̄� 𝑜𝑥 , 𝑔∕ 𝑐 𝑚 2 𝑠 𝑂∕ 𝐹 �̇� , 𝑚𝑚 ∕ 𝑠 𝐼 𝑠𝑝 , 𝑠 𝑃 𝑐 , 𝑏𝑎𝑟 𝐶 𝐹 𝜂𝑐 ∗ , % at 𝑂∕ 𝐹 

SH2-1 60.0 30.0 5.3 529.2 105.6 74.9 14.7 3.6 7.18 172.2 24.1 1.25 90.1 

SH2-2 60.0 30.0 5.2 542.5 107.4 76.7 14.6 3.6 7.28 165.2 24.4 1.18 87.5 

SH2-3 60.0 30.0 5.3 528.9 107.8 74.8 14.2 3.4 7.41 170.5 23.1 1.23 89.2 

SH3-1 60.0 30.0 5.3 538.3 105.5 76.2 14.9 3.5 7.33 162.0 22.8 1.27 89.2 

SH3-2 60.0 30.0 5.2 543.2 105.5 76.8 15.1 3.6 7.22 171.5 23.8 1.29 89.8 

SH3-3 60.0 30.0 5.3 537.6 107.8 76.1 14.4 3.5 7.38 172.3 24.4 1.28 93.3 

SH4-4 60.0 30.0 5.1 550.0 108.3 77.8 14.6 3.5 7.70 169.0 24.1 1.27 90.4 

SH4-5 60.0 30.0 5.2 537.5 109.4 76.0 14.1 3.5 7.69 166.8 23.3 1.28 92.5 

SH4-6 60.0 30.0 5.1 544.5 107.8 77.0 14.6 3.5 7.61 165.6 24.3 1.30 93.4 

Fig. 14. Regression rate in function of the average oxidizer mass flux for the 

different showerhead injectors 
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Fig. 16. Comparison of the specific impulse, 𝑂∕ 𝐹 and the HRM efficiencies for 

different SH injectors. 
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ow rate to reach the theoretical value of 550 g/s and to study the

mpact of different dimensions of the injector orifices. 

.2. Firing test results of SH2, SH3, and SH4 

After the benchmark injector tests (SH1), two sets of firing tests are

arried out. At first ( section 6.2.2 ), the influence of the showerhead in-

ector geometry, as number and size of elements (holes), and its impacts

n the overall performance of hybrid rocket combustion were investi-

ated. In the second part ( section 6.3 ), the fuel grain initial port effect

s studied using SH4. Table 5 presents the motor operations conditions

nd the performance parameters depending on the injectors type. The

ollowing sections discuss these tests’ results and all initial conditions

injection pressure, initial port of fuel grain, grain length, grain compo-

ition) that were kept the same through all tests. 
238 
.2.1. Oxidizer Mass flow rate and discharge coefficient 
One of the main investigated parameters was the oxidizer mass flow

ate to confirm whether the design target value of 550 g/s was obtained.

he importance of this variable lies in the fact that a fair compari-

on between the three injectors is possible when similar conditions are

chieved. Taking into consideration the test results, the average oxidizer

ass flow rate ̄̇𝑚 𝑜𝑥 of 533.5 g/s, 539.7 g/s, and 544 g/s were obtained

or the injectors SH2, SH3, and SH4, respectively, right near the de-

igned values. The real discharge coefficient was calculated to be 0.32,

hich is close to the assumed of 0.33, and that was based on previous

xperimental results of the SH1 injector [9] . 

.2.2. Influence of orifice size 
The influence of injection elements orifice dimensions on the regres-

ion is presented in Fig. 14 . SH4 has the highest regression rate for the
Fig. 15. Representation of injector holes distribution 

vis-a-vis initial port grain diameter: (a)-SH2, (b)-SH3 

and (c)-SH4 



M. Bouziane, A.E.M. Bertoldi, P. Hendrick et al. FirePhysChem 1 (2021) 231–243 

Fig. 17. Illustration of the grain interior after combustion for fuel grains with (a)-SH2, (b)-SH3, and (c)-SH4 

Fig. 18. The intensity value of the exhaust plume for firing tests with injectors: (a)- SH2, (b)-SH3 and (c)-SH4 
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Table 6 

Initial percentage of ̄̇𝑚 𝑜𝑥 through different 

𝑑 𝑖 . 

, mm Initial percentage of �̇� 𝑜𝑥 through 𝑑 𝑖 

20.0 23 % 

30.0 37 % 

40.0 51 % 

50.0 65 % 
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t  
ame average oxidizer mass flux and initial fuel port. An increase of 5 %

s achieved compared to SH2 and SH3. This implies that for an equal �̄� 𝑜𝑥 ,

he injector with better spray pattern due to the number of the elements

as the highest regression rate. We assume this can partly be attributed

o the increase in turbulence and the smallest droplets generated with

he SH4 injector. That allows a better distribution of the oxidizer, max-

mizing the atomization process and improving the mixture with the

aporized fuel grain. In the configuration presented in Fig. 15 , initially,

or the injector SH4 and the fuel grain with a port diameter 𝑑 𝑖 = Ø30

m, more oxidizer droplets were injected directly in the fuel port com-

ared to SH2 and SH3 at the same conditions. Between the SH2 and SH3

njectors, as presented in Fig. 16 , there is no significant difference in the

otor’s overall performance. SH4 exhibits higher 𝑐 ∗ efficiency ( 𝜂𝑐 ∗ ), and

 𝐹 , and the 𝐼 𝑠𝑝 equivalent to the other injectors. 

Based on the different performances of the injectors, we presume

hat some amount of fuel is just ejected out of the motor without par-

icipating in the combustion process. This is likely the case of the SH2,

hich has larger orifice elements, generating a jet with larger droplets

SMD number), giving less surface per volume to react and decreasing

he combustion efficiency 𝜂𝑐 ∗ [13] . 

After combustion, the fuel grains used with SH2 and SH3 injectors

xhibit longitudinal channels, and their burning surfaces are smooth

 Fig. 17 - a & b). The grain when SH3 is used ( Fig. 17 - b) has more

hannels than SH2 ( Fig. 17 - a) because of the number of injector ele-

ents in SH3 increases. The grain tested with SH4 has various craters

small pits) due to the distribution and the number of injector elements

orifices), likely because of the turbulence generated, which helps the

ncrease of the regression rate ( Fig. 14 ). 

When investigating the exhaust flame stability, as presented in

ig. 18 , it was observed that the flame is much more stable in the

rings with SH2, SH3, and SH4 compared to SH1 ( Fig. 13 ) due to

he nonappearance of the blow-out. The last injector, SH4, exhibits

he most stable exhaust flame, which can be seen in the flame inten-

ity recorded ( Fig. 18 ), where the time gap between the two peaks is

maller in Fig. 18 -c than Fig 18 -b and 19 -c. The plume after 2 seconds

nd 3 seconds for typical firing tests with SH2, SH3, and SH4 are in

ig. 19 . Based on that, it is possible to note that the shape of the ex-
 i  

239 
aust plumes is slightly influenced by the size and distribution of the

rifices. 

After a comparison between the three injectors, we found that the

njector SH4 exhibits better performance with a 5% increase in regres-

ion rate and a higher 𝑐 ∗ efficiency ( 𝜂𝑐 ∗ ). The best signal of exhaust flame

ntensity is also observed with SH4. Due to these advantages, SH4 was

hosen to carry out the next part of the firing tests to study the effect of

he fuel grain initial port. 

.3. Influence of the initial fuel grain port diameter 

A series of firing tests were performed using the SH4 injector to in-

estigate the influence of the initial fuel port diameter over the motor

erformance. This study has a dual purpose. First, it is required to have

ifferent values of the oxidizer mass flux to obtain a regression rate

aw for this specific propellant combination. The second reason is to

nderstand the influence of the oxidizer flow related to the fuel grain

eometry. 

All initial conditions (injection pressure, grain length, grain fuel com-

osition) were kept constant, as in previous test sets, except the initial

uel grain port diameter, to analyze �̄� 𝑜𝑥 influence. Four different fuel

rains with varying initial port diameters were tested. The port diam-

ters are, respectively, 20, 30, 40, and 50 mm. By reducing the initial

ort diameter, both �̄� 𝑜𝑥 _ 𝑖 and �̄� 𝑜𝑥 are consequently increased. 

Figure 20 illustrates the initial fuel combustion port position related

o the SH4 injector plate, and Table 6 shows the percentage of oxidizer

njected directly into the fuel grain for each initial condition. The in-
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Fig. 19. Typical exhaust flame after 2 and 3 seconds from the ignition with the different injectors. 

Table 7 

Test results obtained with SH4 injector with a different initial port diameter of the fuel grain (average values). 

Test n° 𝑃 𝑡𝑏𝑡 , 𝑏𝑎𝑟 𝑑 𝑖 , 𝑚𝑚 𝑡 𝑏 , 𝑠 �̇� 𝑜𝑥 , 𝑔∕ 𝑠 𝑑 𝑓 , 𝑚𝑚 �̄� 𝑜𝑥 _ 𝑖 , 𝑔∕ 𝑐 𝑚 2 𝑠 �̄� 𝑜𝑥 , 𝑔∕ 𝑐 𝑚 2 𝑠 𝑂∕ 𝐹 �̇� , 𝑚𝑚 ∕ 𝑠 𝐼 𝑠𝑝 , 𝑠 𝑃 𝑐 , 𝑏𝑎𝑟 𝐶 𝐹 𝜂𝑐 ∗ , % at 𝑂∕ 𝐹 

SH4-1 60.0 20.0 5.2 551.3 109.5 175.5 16.7 3.4 8.66 163.5 24.8 1.22 92.9 

SH4-2 60.0 20.0 5.1 549.8 111.3 175.0 16.2 3.3 8.96 150.2 25.1 1.11 95.9 

SH4-3 60.0 20.0 5.2 553.6 109.8 176.2 16.7 3.4 8.72 151.9 25.4 1.10 95.2 

SH4-4 60.0 30.0 5.1 550.0 108.3 77.8 14.6 3.5 7.70 161.7 24.1 1.22 90.4 

SH4-5 60.0 30.0 5.2 537.5 109.4 76.0 14.1 3.5 7.69 160.9 23.3 1.23 89.0 

SH4-6 60.0 30.0 5.1 544.5 107.8 77.0 14.6 3.5 7.61 165.6 24.3 1.23 92.3 

SH4-7 60.0 40.0 5.1 537.7 112.2 42.8 11.8 3.5 7.15 169.9 23.2 1.31 88.7 

SH4-8 60.0 40.0 5.1 543.2 111.9 43.2 12.0 3.4 7.02 164.4 23.3 1.28 89.0 

SH4-9 60.0 40.0 5.1 537.5 109.5 42.8 12.2 3.6 6.88 158.9 23.3 1.21 89.0 

SH4-10 60.0 50.0 5.2 547.8 113.2 27.9 10.5 3.7 6.04 164.1 22.7 1.29 85.1 

SH4-11 60.0 50.0 5.1 548.0 112.1 27.9 10.6 3.8 6.08 167.7 24.2 1.24 89.7 

SH4-12 60.0 50.0 5.1 544.1 110.9 27.7 10.7 4.0 5.93 168.8 23.8 1.25 88.2 

Fig. 20. Illustration of the interior diameter of the fuel grain compared to the 

injector plate orifices. 
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Table 8 

Performance parameters for fuel grains with differ- 

ent initial port diameters (average values). 

, 𝑚𝑚 �̇� , 𝑚𝑚 ∕ 𝑠 𝑂∕ 𝐹 𝐼 𝑠𝑝 , 𝑠 𝜂𝑐 ∗ , % at 𝑂∕ 𝐹 

20.0 8.78 3.4 155.2 94.6 

30.0 7.67 3.5 162.8 90.6 

40.0 7.02 3.5 164.4 88.9 

50.0 6.02 3.8 166.9 87.7 
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(  
ector elements arrangement is essential to obtain homogeneous com-

ustion [12] , once that the combustion port changes during the time,

ausing an O/F shift, and it can impact the motor performance. A grain

ith a 𝑑 𝑖 of 20 mm, initially, only admits 23% of the nitrous oxide flow

hrough the fuel port, whereas 50 mm 𝑑 𝑖 allows 65%. 

In order to have a uniform homogeneous distribution of the liq-

id oxidizer, the injector orifices may be arranged according to the

hape of the solid fuel port. It is required for homogeneous combus-
240 
ion [12] . Table 7 presents the experimental results for this set of firing

ests. 

After test sets, all fuel grains were studied to investigate their overall

onditions. The grain with an initial port diameter of 20 mm has small

raters, while the one of 50 mm is much smoother ( Fig. 21 ). The gain

n smoothness is coherent with the increase in initial fuel port diameter.

e assume that turbulent flows are created when the oxidizer flow is

ot injected directly through the port. This extra-turbulent flow is sub-

equently guided through the fuel port due to the pressure difference

etween the chamber pressure and the atmosphere (exit of the nozzle).

hen passing through the fuel port, the turbulent flow may cause these

avities. 

When investigating the influence on the performance parameters

 Table 8 and Fig. 22 ), a change in the initial fuel port diameter increases



M. Bouziane, A.E.M. Bertoldi, P. Hendrick et al. FirePhysChem 1 (2021) 231–243 

Fig. 21. Illustration of the grain interior after combustion for 

fuel grains with different initial diameters (mm): (a)-20, (b)- 

30, (c)-40, and (d)-50 

Fig. 22. Comparison of specific impulse (s), 𝑂∕ 𝐹 and efficiencies (%) between 

different grain size diameters. 
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Fig. 23. Regression rate variation with initial port of fuel grain. 
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�̇� = 0 . 159 𝐺 (16) 
he thrust generated by the specific impulse’s growth. The smallest di-

meter port grain (20 mm) causes the lowest average specific impulse,

oherent with the theory and experimental results presented in [23] .

arabeyoglu et al. (2012) also stated that the specific impulse increases

ith increasing port grain diameter due to a faster change in the geo-

etrical area [24] . The average efficiencies in optimal 𝑂∕ 𝐹 are close to

ach other for all diameters tested. This, in combination with the highest

alue for 𝑂∕ 𝐹 for the 50 mm diameter fuel port grain, gives the lowest

verage efficiency at an 𝑂∕ 𝐹 value of 87.7 %. This is due to a lower 𝑐 ∗ 

 Eq. 13 ) in combination with a higher 𝑐 ∗ 
𝑡ℎ 

( Fig. 10 ). 

Fig. 23 . 

When the average value over all tests is taken, a gain in regres-

ion rate with decreasing initial port diameter of the fuel grain is no-

iced. An increase in average port diameter for the same oxidizer mass

ux will also reduce the regression rate, and it was also reported by

wami & Gany [25] . The fuel port size is an important design pa-
241 
ameter to determine the fuel surface regression rate in hybrid rockets

16] . 

For hybrid propulsion, the fuel regression rate is assumed to be gov-

rned by the oxidizer mass flux, and it can be expressed as follows

 Eq. 15 ), as the regression rate law: 

̄̇
 = 𝑎 𝐺 

𝑛 
0 𝑥 

(15)

The port diameter length ratio ( D/L ) of the fuel grain is also in-

reasing (smaller initial diameter for the same initial length), and this

s known to give higher regression rates [23] . Fuel regression rate law

s applied to fit the experimental result, which is presented in Fig. 24 .

he parameters 𝑎 and 𝑛 mentioned in Eq. 16 , were obtained by interpo-

ation analysis. Unit used for regression rate is mm/s and for oxidizer

ass flux is g/cm 

2 s. The calculated 𝑛 exponent (0.78) is coherent with

ublished theoretical values [24] . 

̄ 0 . 78 

0 𝑥 
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Fig. 24. Regression rate law 
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. Conclusions 

This paper presents a series of firing tests with different showerhead

SH) injector configurations, named SH1, SH2, SH3, and SH4. In the

rst part, the effect of showerhead injector configurations on the overall

erformance of hybrid rocket combustion is analyzed. The designs differ

y the orifice’s distribution, number, and size of elements. In the second

art, the effect of the initial port of the fuel grain was studied, and the

egression rate coefficients were determined for this specific propellant

ombination. 

Since hybrid rocket motors are not extensively studied as liquid and

olid propulsion systems, this work aims to improve the technical lit-

rature with experimental data of N 2 O/paraffin fuel, focusing on the

nfluence of a specific injector design over motor performance. Because

t is one of the most common types of injector plate, the showerhead

njector was chosen to examine the impact of the liquid oxidizer pattern

n the operation of a hybrid rocket motor. The injector also was se-

ected because it allows comparing the results with other experimental

nd theoretical research. 

To study the influence of the injector elements (oxidizer channels

iameter), three injectors were compared: SH2, SH3, and SH4 with in-

ector element diameters of 1.9 mm, 1.4 mm, and 0.8 mm, respectively.

he injector with the smallest orifice size (SH4) gives an increase of 5

 on the solid fuel regression rate ( ∼7.7 mm/s) and higher 𝑐 ∗ efficiency

 𝜂𝑐 ∗ ). Concomitant, both SH2 and SH3 present similar values of average

egression rates, i.e., 7.3 mm/s, and equivalent specific impulse. 

However, the injector design influences another critical parameter,

he flame blow-out phenomenon. It was observed that flame blow-out

ends to disappear when SH1 is not used, mainly by increasing the ox-

dizer mass flow rate from around 400 g/s to 550 g/s, with SH2, SH3,

nd SH4. Consequently, the oxidizer to fuel ratio increased from 2.5 to

.5. SH4 produces the most stable flame with the highest number of in-

ectors orifice and the finest oxidizer spray with the smallest SMD. And

t permits us to conclude that the exhaust plume and the blow-out phe-

omena are directly linked with the injector orifice distribution and the

xidizer-to-fuel ratio. 

The design of the injector must be fully adapted to the fuel grain

eometry, and in the ideal case, the oxidizer is injected directly into the

uel grain port. This improves the combustion homogeneity, resulting

n a more stable thrust profile and increasing the specific impulse, as

hown in Table 7 . 

The combustion efficiency is sometimes lower for hybrid rocket mo-

ors than for liquid or solid systems, and if adequate mixing is not al-

owed, 𝑐 ∗ efficiency can drop below 0.9 [26] . In this research, for the
242 
njector SH4, it was obtained values from 0.85 to 0.95, depending on
̄
 𝑜𝑥 . Considering that in hybrid rocket engines, the O/F shift varies with

urning time, the design of the injector helps increase the overall motor

fficiency. 

Another result delivered by the experimental data is the regression

ate law ( Eq. 16 ) for N 2 O/paraffin-based fuels. The regression rate law

s a piece of essential information for future updates in the ULB mo-

or design. In parallel, it can be noticed in the hybrid literature that

ven with various experimental works using nitrous oxide and paraf-

n, there are not many studies that present the fuel regression rate law

ecause of the number of tests necessary to obtain this parameter. For

hese specific motor and propellant configurations, the regression rate

aw is �̇� = 0 . 159 𝐺 

0 . 78 
𝑜𝑥 

. The mass-flux exponent 𝑛 (0.78) is coherent with

ublished theoretical values [24] . 
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