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ABSTRACT
The atomization mechanism of Gelled Hypergolic Propellants (GHPs) in an impinging jet
flow field is significantly different from that of non-gelled liquid propellants and is not clearly
understood. In this study, rheologically matched non-Newtonian fluids which are non-reactive
and non-toxic were used to act as a simulants for the gelled hypergolic propellants. A Newtonian
fluid has been used as a simulant for liquid propellants and to act as a comparison standard for the
non-Newtonian simulants. This study explored the effect of nozzle geometry such as orifice inlet
shape and aspect ratio on the jet stream surface dynamics and the break up process before and
after doublet jet impingement, respectively. Gels produced, using polymer or particle gellants,
displayed less disturbed surfaces than non-gelled fluids, due to increased viscosity. As a result,
for a given flow rate the sheet formed by impinging jets was much more stable and the sheet
break up length was greater for gelled-water than non-gelled water jets. The nozzle aspect ratio
has more noticeable effects on the near-field jet stream characteristics for both fluids than the
orifice inlet shape. The longer nozzles form a more stable jet stream which delays the break-up of
the sheet, leading to greater break up lengths than the shorter nozzles. For similar Reynolds
number, droplet size for gelled water is much smaller than that for non-gelled water. Also,
impinging jets employing gelled water produce sprays which are distributed over a wider space
and in a wider range of droplet sizes than the jets with non-gelled water.
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NOMENCLATURE
A

=

nozzle area

Cd

=

discharge coefficient

d

=

nozzle diameter

K

=

pre-exponential coefficient

ṁ

=

mass flow rate

n

=

power law index

dp

=

pressure drop across nozzle

Re

=

Newtonian Reynolds no.

Regen

=

non-Newtonian generalized Reynolds no.

Regen,c =

non-Newtonian critical Reynolds no.

u

=

jet velocity

=

shear rate

=

non-Newtonian viscosity

=

non-Newtonian viscosity at infinite shear

=

Newtonian viscosity

=

fluid density

=

yield stress of non-Newtonian fluid

GHP

=

Gelled Hypergolic Propellants

SMD

=

Sauter Mean Diameter

Chapter 1

Introduction
Gelled Hypergolic Propellants (GHPs) are hypergolic (react on contact) liquid
propellants (e.g., MMH, IRFNA) gelled using reactive or non-reactive particles (e.g. Aluminum,
Silica) as the gelling agents. They feature many unique advantages (Table 1-1) over non-gelled
liquid propellants and/or solid propellants. These include improved safety in storage and
handling; better compliance with insensitive munitions requirements; lower toxicity and fire
hazards, reduced leakage, spillage, and slosh problems; and higher energy density (with reactive
gellants loaded). In addition, the inherent thrust modulation capability provides excellent
application flexibility for utilization in smart tactical missiles, divert and attitude-control systems,
launch-vehicle boost and upper-stage engines, and even air-breathing propulsion systems.
Maximum heat release and hence maximum combustion efficiency of the gelled hypergolic
bipropellant will be achieved when the mixing process quickly provides sufficient contact surface
area between fuel and oxidizer streams. Therefore, it is critical to understand how injector flow
characteristics are related with the jet atomization and spray formation resulting from the
injection process.
Impinging jets that produce simultaneous atomization and mixing have been used to
achieve efficient mixing of liquid propellants. The high-velocity jet impingements form a liquid
sheet perpendicular to the momentum vectors of the jets and waves form on the surface of the
sheet and grow until the sheet is fragmented into liquid ligaments which eventually break up into
liquid drops. There has been extensive research reported on the characteristics of impinging jets17

. These studies indicate that the structure of the sheet breakup and drop size distributions for

impinging jets are sensitive to fluid properties (such as viscosity, surface tension) of the liquid
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and to operating conditions (such as impingement angle, injector diameter, jet momentum ratio,
etc.). A change in fluid properties influences the hydraulic characteristics of jets by changing their
stream dynamics before impingement and eventually affects the growth of disturbances on the
surface of the liquid sheet and the atomization process. In addition, the jet stream dynamics are
affected by the geometry of injection nozzles, such as the sharpness of the nozzle entry and the
aspect ratio (length/diameter) of the nozzle.
The flow characteristic of liquid streams before impingement has been known to have
significant effects on the mixing as well as atomization processes occurring downstream. Of key
interest are the aspect ratio (length/diameter) of nozzle orifice and the orifice inlet geometry. The
effects of nozzle properties on the internal flow within the nozzle have been studied by Nurick,
Jung et al., and Ryan et al.8-11 Nurick expounds on the importance of cavitation within a nozzle
which induces hydraulic flip. The onset of cavitation for a sharp-edged orifice inlet is dependent
on flow conditions and nozzle aspect ratio (l/d). As the nozzle orifice upstream pressure
increases, the separation (cavitation) region at inlet increases to about four times the diameter of
orifice, after which it reattaches. The reattachment point remains spatially fixed until a further
increase of upstream pressure results in hydraulic flip. Also, Nurick reports that rounding the
nozzle entrance reduces the propensity of the formation of a vena contracta. The effects of nozzle
characteristics on jet streams have been reported by Jung et al.9 Their study shows that the
turbulence strength (dependent on inlet conditions, jet velocity, and fluid properties) is an
important factor affecting the breakup characteristics of liquid sheets. Although impact force
decreases the break-up length, jet turbulence softens impact force effects, preventing the full
development of sheet waves. Straight-edge inlet nozzles produce a more turbulent jet than an
angled–edge inlet nozzle and a change to higher flow rates has a less discernable effect on the
former inlet type.
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Gelled propellants are non-Newtonian fluids; i.e., the viscosity of these gels is a function
of the shear rate12, 13. The rheological properties of gelled propellants are known to be key to their
atomization behavior and also significantly affect the spray pattern. Rahimi and Peretz14 show
that viscosity for gels is affected by shear and gel composition to a larger degree; thixotropy and
temperature field to a lesser extent. Deskatyov et al.15 show that, upon impingement, subsequent
droplet size is larger for gels than for water at similar mass flow rates, due to the inherent higher
viscosity of gels. Experimental results on gelled propellants using an air-blast triplet atomizer
[Rahimi and Natan16] show that the Sauter Mean Diameter (SMD) of the spray increases with an
increase in gellant content and decreases with a decrease in gel viscosity at nozzle exit. Also,
particulate-based gels show a more pronounced ray-shaped pattern at low Reynolds numbers
unlike Newtonian fluids, but at higher generalized Reynolds numbers sufficient agreement is
found in regimes for Newtonian and non-Newtonian fuels [Kampen et al.2] However, no
significant studies have been reported on the effects of nozzle characteristics on sheet formation,
break-up and atomization for gels.
The objective of this study is to characterize the development and atomization process of
gelled propellant simulants formed by impinging doublets based on nozzle properties and preimpingement conditions, using non-Newtonian fluids and a Newtonian fluid. The gelled
simulants prepared have their relevant physical and rheological properties matched with those of
typical hypergolic propellants. The jet stream dynamics before impingement are characterized for
various nozzle pairs. Near field spray characteristics such as the sheet formation and breakup
length of the liquid sheet are investigated and the droplet size distributions are measured in the far
field downstream of the impingement.
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Table 1-1: Benefits and Problems of GHPs
Advantages

Disadvantages

Improved storage and handling.

Higher upstream pressures required for
injection.

Lower toxicity due to reduced spillage and

More difficult to atomize.

reduced leakage.
Higher energy density (with reactive

Sheet formation and break-up characterization

gellants).

not studied fully.

Summary
From the literature, we have seen that studies indicate that sheet break-up and
atomization are dependent on two key factors, namely fluid properties (density, viscosity and
surface tension) and operating conditions (jet momentum ratio, injector size, inlet type and
impingement angle). As it was not possible to investigate the effects of all these factors, it was
decided to concentrate on those that have the most profound effect.
During the course of this study, a comparison was made between the effect of using a
Newtonian fluid and a non-Newtonian fluid. The effect of varying the surface tension was also
studied. The significance of nozzle aspect ratio and the inlet geometry were also studied.
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Chapter 2

Rheological Characterization
The rheology and flow characteristics of non-Newtonian fluids are fundamentally
different from that of Newtonian fluids. Newtonian fluids possess a constant viscosity that does
not change with the shear applied. However, in the case of non-Newtonian fluids, as applied shear
increases, the inherent viscosity decreases. Further, gels possess a yield stress at low shear rates.
This implies that they exhibit solid-like behavior at low shear rates (which is one of their
fundamental advantages over liquid propellants, i.e., for safer storage and handling). On being
subjected to very high shear rates, the gels exhibit low viscosity and hence their behavior at these
shear rates parallels that of Newtonian liquids.

Classification of Gels
Gels are primarily classified based on the gellant used. There are two types of gellants
that are generally used: 1. Polymer Gellant, 2. Particulate Gellant.
Among the polymer gellants that are used, Carbopol (Anhydrous acetic acid) and other
organic gellants are used. As for the particle gellants, Silica and Aluminum particles are used
extensively. Aluminum particles, when added to hypergolic propellants, enhance the energy
density of the propellant due to their inherently reactive nature.
From the literature, it was also noted that besides the shear-thinning behavior, some gels
also exhibit thixotropy – i.e. viscosity is time-dependent. Thixotropic gels will have varying
viscosity depending on how much time has passed where no shear was applied.

6
Theoretical Modeling of Gel
Depending on the gel and its respective behavior, several models exist that allow these
non-Newtonian fluids to be theoretically modeled. The primary aspect in all these models is that
they account for the shear-thinning behavior of gels. In order to classify the gel with any of these
models, its rheological behavior was experimentally determined first. A cone and plate rheometer
(TA Instruments CSL100) is used to determine the change of viscosity with applied shear. It
works on the principle that a gel offers resistance to the cone when it applies shear, by way of
rotation, on the plate on which the gel sample is placed. These experimental values are then used
to curve fit the models.

Power Law Model:
The viscosity of shear-thinning fluids is often described by the power law model
formulated by Ostwald and de Waele [Natan & Rahimi13], and is given as follows:

The Power-Law relation is primarily an exponential relation between viscosity and shear.
Most gels, however, possess a yield stress and also a constant viscosity at very high shear rates.
For this reason, the Power Law model is good only for gels at medium shear rates. At lower and
very high shear rates, the fit is not as good and disparity comes into play.

Herschel-Bulkley Model:
The Herschel-Bulkley model [Natan & Rahimi13] takes the yield stress of a gel into
consideration and is denoted as follows:
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The yield stress is determined as the shear stress required to initiate flow of the gel.
Although this model gives a good fit with the experimental data for a gel at low and medium
shear rates, it still fails to account for the inherent constant viscosity of a gel at very high shear
rates. The Herschel-Bulkley model is therefore more applicable over low and medium shear rates,
where the effect of yield stress becomes more prominent.

Extended Herschel-Bulkley Model:
The Extended Herschel-Bulkley model [Natan & Rahimi13] expands on the HB model
and takes the constant viscosity of a gel at infinite shear into consideration and is denoted as
follows:

Generally, this model offers a very good fit with the experimental rheology data of a gel
and can be used for a gel subjected to any shear rate.

Reynolds Number:
For the characteristics of jet flow, sheet formation, break-up and subsequent atomization,
the Reynolds number has been used as a controlling factor. The Reynolds Number for a
Newtonian fluid is given as the ratio of the inertial forces to the viscous forces, shown as follows:
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This conventional formula of Reynolds number is used for experiments conducted using
distilled water. However, in the case of gels, with a change in velocity of fluid within the nozzle,
the shear rate changes, and correspondingly, the viscosity of the fluid (gel) will also change. To
overcome this, a modified formula for non-Newtonian fluids has been used17-18. For each of the
above non-Newtonian models, the Darcy friction factor relation for flow in a pipe was
incorporated to derive the generalized Reynolds numbers for the respective models.

Power Law Based Regen:

Herschel-Bulkley Based Regen:

Extended Herschel-Bulkley Based Regen:

9
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Chapter 3

Preparation of Gel
Two types of working fluids have been used in order to investigate the effect of shearthinning viscosity on spray atomization for like-doublet impinging jets, Newtonian distilled water
and non-Newtonian gels. Distilled water has been used to act as a platform for non-gelled
simulants, comparison to which can be made with gelled simulants.
Table 3-1 and Figure 3-1 show the physical and rheological properties of some of the
GHPs used. In order to study the effect of these properties on sheet break-up and atomization
processes, two types of gelling agents are considered, a polymer-based gel and a particle-based
gel. From the literature, it was observed that the break-up pattern of a sheet formed by doubleimpinging injectors is dependent on the type of gellant used. The shear-thinning level of a gellant
also affects the emerging jet stream from a nozzle, subsequently affecting the break-up length of
the sheet. The weight percentage of gellant added is used to control the overall viscosity of the
gel. The main criteria that the simulant gel was required to satisfy were as follows:
-

To make a polymer-based gel and a particle-based gel using silica particles

-

Rheological properties of gel to be matched with the GHPs.

-

Physical properties of gel to be matched with the GHPs.
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Table 3-1: Propertiies of MMH and Nitric Acid (GHPs)
(g/cm3)

Hypergolic Propellant

(10-3 Pa.s)

(10-3 N/m)

MMH (Mono Methyl Hydrazine)

0.88

0.85

34.3

Pure Nitric Acid

1.51

7.46

39.9

Rheology Curves of Various Gels
100

Hydrazine Gel (2-4 wt% HEC )
IRFNA Gel (2-5 wt% silica)
MMH Gel (2-4 wt% HPC)
(from Rahimi et al., 2007)

Viscosity (Pa.s)

10

1
1

10

100

1000

0.1

0.01

Shear Rate (1/s)

Figure 3-1: Rheology of some GHPs12

Table 3-1 shows the density, and surface tension properties of MMH and nitric acid,
hypergols used in the industry. Solvents for the gel were chosen such that these values could be
matched as closely as possible. Figure 3-1 shows the rheological curves of various GHPs
synthesized in the industry. These rheology curves are used as a guide basis, i.e., the rheology of
any simulant gel synthesized must fall within these rheology parameters. A cone and plate
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rheometer (TA Instruments CSL100) was used for all viscosity measurements. Several gels were
prepared and characterized, including polymer-based gels and particle-based gels.

Polymer-Based Gel

Carbopol Polymer Gel:
A water-based polymer gel (Carbopol 981A Polymer from Lubrizol Advanced Materials
Inc.) has been used as a polymer-based gelled stimulant. Carbopol dissolved in water is slightly
acidic in nature (pH 4), but is neutralized by the addition of a weak base (15%wt. sodium
hydroxide solution). Distilled water was chosen as a solvent due to its non-toxic nature. Although
water has a higher surface tension than most standard hypergolic propellants, it was still used so
that a better comparison can be made between non-gelled and gelled water when running
impingement experiments by eliminating the effect of surface tension and concentrating only on
the effect of viscosity.

Procedure:
Amorphous Lubrizol Carbopol 981A is not readily soluble. The Carbopol is gradually
added to distilled water with constant stirring (using an electric stirrer for small volumes or a
stirrer attached to a drill press for larger volumes). Upon adding the required weight percentage of
Carbopol, sodium hydroxide solution (15% NaOH in distilled water) is added gradually. The
sodium hydroxide solution is added till the mixture attains a neutral pH. The solution is further
mixed to ensure good homogeneity. Due to the mixing by stirring, several air bubbles get
entrained in the solution. These are removed by placing the solution in a vacuum chamber.
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Observations:
The rheology curves of several weight percentages of Carbopol were plotted as shown in
Figure 3-2. From the figure, it is apparent that 0.5% weight of Carbopol in distilled water yielded
gellation that fell satisfactorily within the boundaries of actual GHPs. The several advantages of
this Carbopol polymer gel are:

-

Rheology of gel falls well within the boundaries of actual GHPs.

-

Very low weight percentage (0.5% wt.) of gellant required for preparation.

-

Gel is very stable and can be stored for extended periods of time in sealed jars.

-

Gel is not sensitive to slight pH variation.

-

Easy to prepare.

-

Carbopol is commercially available and can be acquired with ease.

One of the major drawbacks of using this Carbopol gel is that the air entrained due to
open-air stirring is difficult to remove and quite time consuming. Another drawback is that the
surface tension of this gel is similar to that of water and as such is not a very good match with the
GHPs, which tend to have smaller surface tension values.

Conclusion:
For the reasons outlined in the previous section, 5% weight Carbopol in distilled water
was designated to be used as a polymer gel for this study. The yield stress of 0.5% Carbopol gel
was measured to be approximately 7 Pa as shown in Figure 3-3. The theoretical models of Power
Law, Herschel-Bulkley and Extended Herschel-Bulkley discussed in the Chapter 2 were used to
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model the rheology of this gel and were plotted in Figure 3-4. The viscosity of the gel at infinite
shear (

) for the HBE model was assumed to be the viscosity of its solvent, i.e., water ( =

0.00100 Pa). As shown in Figure 3-4, the Herschel-Bulkley and Extended Herschel-Bulkley
models showed the best fit with the experimental rheology data for the Carbopol gel. Since most
experiments were carried out at high shear rates and since the Extended Herschel-Bulkley model
takes the viscosity at infinite shear into account, it was decided to proceed with the HBE model.
Tables 3-2 and 3-3 give further details on the physical and rheological properties of the Carbopol
polymer gel.

Figure 3-2: Rheology matching of Polymer gel with GHPs12
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4

2

0
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Figure 3-3: Yield stress of polymer gel [Shear Sress (Pa) vs Shear Rate (1/s)]
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Figure 3-4: Theoretical fitting of polymer gel [Viscosity(Pa.s) vs Shear Rate (1/s)]
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Particle-Based Gel
Fumed silica (Cab-O-Sil from Cabot Corp.) was used as the gellant to prepare various
particle-based gels. The reason for choosing silica over other particulate gellants was due to its
inherent non-toxic, non-reactive nature. It is also easily available commercially. Several silica
gels were prepared and tested using various solvents. A detailed analysis of these gels is provided
in Appendix A.

TS-720 Silica-Ethanol/Water Gel:
From the gels prepared, it was found that an ethanol/water-based Silica gel (using
hydrophobic treated fumed TS-720 Cab-O-Sil from Cabot Corp. in 75%/25% by vol.
Ethanol/Water) matched best with the GHPs. An Ethanol/water mixture solvent was used since
the surface tension of this mixture was found to be very similar to that of the GHPs (Table 3-3).
The TS-720 silica differs from the M-5 silica in that it is hydrophobic as opposed to hydrophilic,
which provides the former better gellation properties.

Procedure:
In order to prepare this gel, 200 proof ethanol and distilled water were mixed in a 3:1
ratio by volume. The TS-720 silica was added gradually with constant stirring (using an electric
stirrer for small volumes or a stirrer attached to a drill press for larger volumes). Two gels were
prepared, one without adding Carbopol and another with 0.5% weight Carbopol. Both these gels
were later tested rheologically and compared. Upon adding the required weight percentage of the
gellant(s), the mixture was further stirred to ensure homogeneity.
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Observations:
It was observed that when hydrophobic silica (Cabosil TS720) was used, a much more
stable gel was produced. The addition of sodium hydroxide for pH neutralization was not
required. Also, the addition of Carbopol significantly increased viscosity by means of polymeric
dispersion. No pH neutralization was required even on addition of Carbopol. It was observed that
this gel, as is the case with all the other silica gels, was more shear-thinning than a pure polymer
gel. Several tests were carried out to observe the effects of silica wt. %, mixing intensity and time
on the rheology of the gel. (Samples were mixed using an acoustic mixture, whereas large batches
were mixed using a stirrer attached to a drill press). The following was observed.
1. Effect of Carbopol – Figure 3-5 shows that the addition of even a small amount of
Carbopol (0.1 wt. %) uniformly increases viscosity, i.e., the viscosity increase is uniform
across any shear rate.
2. Effect of Intensity Level – Figure 3-6 shows that batches mixed at a higher intensity
possessed a consistently higher viscosity at all shear rates.
3. Effect of Remixing – Leaving the gel for a period of time causes the solvent to separate
out from the gel. Figure 3-7 shows that remixing of gel after a period of stagnation (4
days later in the graph above) causes no apparent change in viscosity

The TS-720 Silica gel was shown to have the following advantages:
-

Gellation purely due to particle agglomeration.

-

Surface tension of solvent similar to that of the actual GHPs.

-

Good rheological matching with actual GHPs.

-

Relatively lower wt. % of TS-720 silica than M-5 silica required for similar rheology.
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-

No addition of sodium hydroxide solution required to induce viscosity by way of pH
variation.

-

No change in rheology on remixing after a period of time.

The main drawback associated with the TS-720 silica gel was that upon storing the gel
for long periods of time, the solvent tended to separate out from the gel. This meant whenever a
smaller batch from a previously prepared larger batch was to be used, it had to be remixed. It also
had to be ensured that the remixing was done at the same intensity each time, in order to maintain
similar viscosity.

Conclusion:
For the experiments carried out in this study, it was decided to proceed with the 5%
weight TS-Silica 0.5% weight Carbopol in 75-25 by volume Ethanol-Water mixture gel. The
yield stress of 5% wt. TS-720 Silica and 0.1% wt. 981A Carbopol in 75/25 by vol. Ethanol/Water
mixture gel was measured to be approximately 18 Pa as shown in Figure 3-8. The theoretical
models of Power Law, Herschel-Bulkley and Extended Herschel-Bulkley discussed in the
Chapter 2 were used to model the rheology of this gel and were plotted in Figure 3-9. The
viscosity of the gel at infinite shear (

) for the HBE model was assumed to be the viscosity of

its solvent, i.e., ethanol-water 75-25 volume mixture ( = 0.00228 Pa). As shown in Figure 3-4,
the Herschel-Bulkley and Extended Herschel-Bulkley models showed the best fit with the
experimental rheology data for the Silica gel. Since most experiments were carried out at high
shear rates and since the Extended Herschel-Bulkley model takes the viscosity at infinite shear
into account, it was decided to proceed with the HBE model. Tables 3-2 and 3-3 give further
details on the physical and rheological properties of the Silica particle gel.
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Summary

Table 3-2: Summary of rheological properties of the gels to be used
0

5% wt. Carbopol in water Gel Power Law
5% wt. Carbopol in water Gel HB
5% wt. Carbopol in water Gel HBE
5% wt. TS-720 0.1% Carbopol
wt. in 75/25 vol. Eth/Water Power Law
5% wt. TS-720 0.1% Carbopol
wt. in 75/25 vol. Eth/Water - HB
5% wt. TS-720 0.1% Carbopol
wt. in 75/25 vol. Eth/Water HBE

infinity

K

n

-

7.26

0.464

-

7

4.1995

0.5349

-

7

4.2012

0.5348

0.00100

-

11.685

0.271

-

18

6.9937

0.3445

-

18

7.0959

0.3404

0.00228

(Pa)

(Pa.s)

Table 3-3: Summary of physical properties of the gels to be used
Simulants
Type
Density (kg/m3)
Surface Tension (x10-3 N/m)20
Infinite Shear Viscosity (x10-3
Pa.s)21
Hypergols
Type
Density (kg/m3)
Surface Tension (x10-3 N/m)
Viscosity (x10-3 Pa.s)

Carbopol Gel
Polymer gel
1000
72

Silica Gel
Particle gel
860
23.5

1.00

2.28

MMH
Liquid Hypergols Fuel
880
34.3

Pure Nitric Acid
Liquid Hypergol Oxidiser
1510
39.9

0.85

7.46
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Chapter 4

Experimental Setup

Gels, by virtue of their inherent nature, are highly viscous and possess a distinct yield
stress required to initiate shear within them. Any feeding system designed is required to address
this. In order to vary inlet conditions, different nozzles had to be designed. The following
considerations were made when designing the experimental setup:
1. Feeding system that provides a sufficient upstream pressure to inject gel at required
velocities.
2. Various nozzles of differing design machined to provide varying inlet and injection
conditions for the working fluids.
3. Construction of an enclosure within which to carry out the experiment
4. A visualization and recording system to collect qualitative and quantitative data on jet
stream, sheet formation, sheet break-up and atomization.

The nozzles were machined from brass cylinders. The initial blanks (without the nozzle
orifice) were machined using a typical lathe machine. The nozzle orifices were machined using
EDM (Electrical Discharge Machining) in order to ensure similarly smooth internal surfaces.
Schematic drawings of nozzles used are shown in Figure 4-1 and the dimensions of nozzle design
parameters are summarized in tables 4-1 and 4-2. The orifice diameter of nozzles is 0.5mm. The
entrance to the orifice is either straight-inlet or angled-inlet (Figure 4-2) and the aspect (length-todiameter) ratios of nozzles are 5 and 20. For the angled-edge orifice entrance, the angle for the
tapered section is 120 degrees. For all experiments, the impingement angle is set at 60 degrees
and the distance from the exit of the orifice to the impingement location is fixed at 5 mm.
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Figure 4-1: Nozzle design

Figure 4-2: Nozzle inlet types

Table 4-1: Nozzle Properties
Nozzle Type

Straight Inlet

Angled Inlet

Orifice Diameter (d)

0.5 mm

Aspect Ratio (l/d)

5 & 20
60o

Impingement Angle ( )
Full angle for tapered
N/A
entrance of orifice

120o
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Table 4-2: Nozzle Design
Nozzle Material
Nozzle Length

Brass
4”

Outer Dia. (OD)

0.25”

Inner Dia (ID)

0.125”

The experimental setup shown in Fig. 4-3 details the feed system for the gelled simulants.
Nitrogen gas at constant pressure (525 psi) is used to drive hydraulic oil into a double-acting
cylinder and the piston dispenses the gel into the injectors. Fresh batches of gel are used each
time since some leakage across seals in the cylinder is observed when batches are kept stagnant
for an extended period of time. In the case of non-gelled simulant (water), the actual flow rate is
measured using calibrated Matheson rotameters. The flow rate of gel is controlled by varying the
flow rate of hydraulic oil using a needle valve and measured by recording the displaced volume
of the cylinder using UniMeasure LVDTs (Linear Variable Displacement Transducers) attached
to the piston of cylinder. The flow rates through each nozzle in the doublet are kept the same for
given operating conditions. A LabView program (Appendix B) is used to measure, display and
record the flow rate. Pressure transducers (Setra 206) are used to measure pressure drop across
the nozzle. A separate LabView program is used to record pressure drop variation across nozzle
along with flow rate (Appendix C). In the case of non-gelled distilled water, pressurized nitrogen
is used to drive water through the nozzles directly from pressure vessels and rotameters are used
to measure flow rate. The working fluid is injected through nozzles into an enclosure constructed
of polycarbonate. Optical accesses from all four sides up to 3” downstream of the impingement
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point is possible through windows. Also, a pair of windows mounted in parallel to the
impingement plane at approximately 7.5” downstream from the point of impingement provides
optical access for droplet size measurement.
The shadowgraph technique is used to characterize near field atomization processes. A
light source (a 50-Watts tungsten lamp) is placed behind a pinhole and the emerging light is
collimated using a lens (3” in diameter and focal length of 8”). The collimated light is directed to
the spray region and then focused onto a high speed camera (Phantom V7). Typical settings for
the camera are a frame rate of 6600 frames/sec, gate exposure time of 5 s and pixel resolution of
800x600 pixels. Recorded images are processed to obtain qualitative and quantitative data.
Qualitative data includes jet stream characteristics, sheet formation and break-up process.
Quantitative data included break-up length and droplet distribution. Droplet size is measured
using a laser diffraction particle size system (Malvern Spraytec equipped with a 750mm focal
length lens). However, for accurate measurement of droplet size using the instrument the droplet
shape is assumed to be spherical. Shadowgraph images show that in the case of water as working
fluid the droplets are spherical but in the case of gels they are elliptical or elongated in shape.
Therefore, droplet size measurement data may not be as accurate for gels.
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Figure 4-3: Experimental setup
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Chapter 5

Nozzle and Near-field Jet Characterization

Sheet formation, break-up and subsequent atomization depends heavily on the flow
conditions of the jet prior to impact9,10. From the literature, it is known that the nozzle geometry,
namely nozzle inlet type and nozzle length, determine the stability of the jet upon exit from
orifice. A stable, laminar jet, upon impingement will lead to the formation of a stable, laminar
sheet. On the contrary, turbulence within the orifice leads to a turbulent jet, which upon
impingement forms a turbulent sheet. Turbulent sheets tend to have shorter break-up lengths than
the laminar sheets, as propagation of turbulence (hydrodynamic waves) leads to earlier break-up.
In the case of laminar sheets, the break-up mechanism at low flow rates is primarily due to
aerodynamic waves on the surface of the sheet. Inlet sharpness may also lead to cavitation within
the orifice and this may lead to hydraulic flip of its jet upon exit from the nozzle orifice. This is
highly undesired as it leads to misalignment of jets and their improper impingement.
Despite ensuring that nozzle pairs were machined to resemble each other as closely as
possible, without testing each of them there could be no guarantee that this would be the case. For
this reason, a qualitative as well as a quantitative analysis is performed on each nozzle. Each
nozzle is characterized in terms of flow rate with respect to pressure drop across the nozzle. A
consistent increase of pressure drop across orifice with increase in flow rate indicates the absence
of cavitation. Images of the emerging jet from the orifice were also taken to determine what flow
rate produced turbulent jets.
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Non-Gelled Water
Results for non-gelled water are presented in Fig 5-1. In the case of straight edge nozzles,
the flow rate increases linearly as the root of the pressure drop increases to a certain level beyond
which the flow rate suddenly decreases, indicating the occurrence of cavitation within the orifice.
For the angled edge nozzles its occurrence appears to be delayed to higher pressure drops even
though the amount of pressure drop across the nozzle to deliver the same flow rate of fluid is
almost same. Also, it can be noted that any given pair of nozzles do not behave identically in the
sense that the relationship between flow rate and pressure drop is not exactly the same.
Near-field images of non-gelled jet streams upon exiting the nozzles are shown in Figure
5-2. They show that the disturbance on stream surface is observed at a Reynolds number greater
than 2000 and increases as the flow rate increases and is more evident for shorter nozzles than the
longer ones for a given flow rate. A similar observation has been made by Asghriz et al.5, who
report that jet streams from shorter nozzles are subject to higher fluctuations due to turbulence
and the stream spreads out on exiting due to cavitation. For short nozzles (l/d=5), the jet streams
are observed to have undergone hydraulic flip at higher flow rates (Q > 165 cc/min), indicating
cavitation occurring in the orifice. However, the longer nozzles (l/d=20) do not show any
evidence of hydraulic flip for flow rates up to 250 cc/min. In terms of jet surface disturbance and
cavitation, angled-edge inlet nozzles are observed to behave in a very similar manner to the
straight-edge inlet nozzles. Qualitative characterization of disturbance on jet streams with respect
to nozzle inlet type is difficult. However, the effects of nozzle aspect ratio on the jet stream‟s
surface disturbance are more evident
.

32

250

Flow Rate (cc/min)

200

150

100

50

l/d=20 Nozzle I
l/d=20 Nozzle II
l/d=5 Nozzle I
l/d=5 Nozzle II

0
1

2

3

4
0.5

dP

5
0.5

6

7

8

(psi )

250

Flow Rate (cc/min)

200

150

100

50

l/d=20 Nozzle I
l/d=20 Nozzle II
l/d=5 Nozzle I
l/d=5 Nozzle II

0
1

2

3

dP

0.5

4

0.5

5

6

7

(psi )

Figure 5-1: Flow rate vs. the root of pressure drop across nozzle for non-gelled water (a) straight
edge inlet nozzle and (b) angled edge inlet nozzle
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Figure 5-2: Images of near-field jet streams exciting orifice for non-gelled water with straight
edge inlet: images on the top raw for short nozzles (L/D=5) and the bottom for long nozzles
(L/D=20)
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Carbopol Gelled Water
Figure 5-3 shows plots of flow rate with respect to pressure drop across the nozzle for
gelled water cases. Contrary to non-gelled cases, the flow rate increases linearly as the root of
pressure drop increases without showing any evidence of cavitation even at the flow rates about
twice as great as those of non-gelled cases. Also, results indicate that the gelled water requires a
higher pressure drop across the nozzle to deliver the same amount of flow compared to the nongelled cases. Similar to non-gelled cases, the effect of nozzle inlet geometry on the relationship
between the flow rate and the pressure drop across the nozzle is not as significant as that of
nozzle aspect ratio.
Near-field images of the gelled jet streams at the nozzle exit (Figure 5-4) show much less
disturbance on the jet surface than for the non-gelled cases. It is apparent that the flow of gelled
water through the nozzle is much more laminar than that of non-gelled water even at much higher
flow rates. However, corresponding Reynolds numbers are lower due to the higher viscosity of
gel at similar flow rates. As for the shorter nozzles, some evidence of surface disturbance is
observed at a flow rate of around 350 cc/min. However, no surface disturbance is observed for the
long nozzle for the flow rates employed and for generalized Reynolds numbers over 2000.
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Figure 5-3: Flow rate vs. the root of pressure drop across nozzle for Carbopol-gelled water
(a) straight edge inlet nozzle and (b) angled edge inlet nozzle
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Figure 5-4: Images of near-field jet streams exciting orifice for Carbopol-gelled water with
straight edge inlet: images on the top raw for short nozzles (L/D=5) and the bottom for long
nozzles (L/D=20)
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Silica Gel
For this section, the effect of aspect ratio for straight-edge inlet nozzles has been studied
using Silica gel. Pressure drop measurements were carried out and near-field images of the jet
stream were taken for this purpose. Since the previous sections (non-gelled and gelled water)
indicated that nozzle inlet geometry does not have a significant effect on flow, the angled-edge
inlet nozzles were not used.
Figure 5-5 shows plots of flow rate with respect to pressure drop across the nozzle for
Silica gel. It is observed that for the shorter nozzles, the flow rate increases linearly with pressure
drop across the nozzle. However, as higher flow rates are approached, the linearity diminishes
and a higher pressure drop is required. In the case of the longer nozzles, it is observed that a
higher pressure drop is required at lower flow rates. But as the higher flow rates are approached, a
linear relationship is observed between pressure drop across the nozzle and flow rate through the
nozzle. Comparing the pressure drop difference at similar flow rates between the longer and
shorter nozzles, it is observed at lower flow rates, a higher pressure drop is required across the
longer nozzle than shorter counterparts. At lower flow rates, it is known that the effects of
cavitation are either absent, or negligible. Hence, since the only nozzle flow parameter that would
have any effect would be nozzle length, and since a longer nozzle length requires higher pressure
drop, the experimental results are consistent with the theory. At higher flow rates, the effects of
cavitation are more prominent in shorter nozzles8. In longer nozzles, any cavitation that is
present, reattaches before exit from the orifice. Hence, for shorter nozzles, as is seen from the
experimental results, a higher pressure drop is required for similar flow through shorter nozzles
than the longer nozzles.
Near field images (Fig 5-6) of the Silica gel jet stream corroborate the pressure drop
results. They show that the disturbance on stream surface is observed at Reynolds number greater
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than ~1300 and increases as the flow rate increases. It is also observed that surface disturbances
on these jet streams are more evident for shorter nozzles than for longer nozzles at any given flow
rate. The results are similar to the observations made by Asghriz et al.5, who report that jet
streams from shorter nozzles are subject to higher fluctuations due to turbulence and the stream
spreads out on exiting due to cavitation. The spreading out is observed at Reynolds numbers in
excess of ~3300. The behavior of the jet streams is more similar to that observed with (nongelled) water than it is to that of the Carbopol jet stream. In fact, the spreading out of the jet
stream is more prominent at even lower Reynolds numbers for the Silica gel than it is for the
(non-gelled) water. Similar results were reported by Jung et al9, when they observed jet behavior
using kerosene and water. Since ethanol is used as the solvent for the Silica gel, it has a
comparatively much lower surface tension than both, non-gelled water and Carbopol-gelled
water. For this reason, at similar Reynolds numbers, the Weber number of the jet is the
controlling factor regarding the turbulence and spreading of jet upon exit from the orifice.
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Conclusions
Findings from this section indicate that the nozzle aspect ratio has the greatest effect on
the near-field jet stream characteristics for gelled as well as non-gelled simulants. It was observed
that nozzle inlet geometry did not play a significant part in flow behavior within the nozzle and
also upon exit from the nozzle.
It was observed that the linear relationship between flow rate and pressure drop across
nozzles diminished at higher flow rates for the shorter nozzles. This indicated the onset of
cavitation within the nozzles. In addition to decreasing efficiency of the nozzle, cavitation is also
known to lead to hydraulic flip of the jet upon exit from the nozzle. This would lead to improper
impingement of the doublet jets, affecting the sheet break-up. The shorter nozzles also produced
more turbulent jet streams, especially at higher flow rates, for all the fluids tested. These surface
disturbances are known to propagate downstream and affect far field spray characteristics as well
as jet break up and atomization processes.
Comparison of the Carbopol-gelled and non-gelled water indicated that the higher
viscosity of gels (leading to lower Reynolds numbers) leads to stable jets at higher flow rates. The
higher laminarity also ensures that no cavitation takes place within the nozzle.
Comparison of the Silica gel with both the gelled and non-gelled water indicates that the
surface tension of the fluid plays a significant role in surface characteristics of the jet. Lower
surface tension (leading to higher Weber numbers) causes higher turbulence on the jet stream
surface resulting in significant spreading of the jet upon exit from the nozzle orifice at high flow
rates.
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Chapter 6

Sheet Formation and Break-up

Upon impingement of the doublets, a sheet is formed that fans out in a plane
perpendicular to the plane of impingement. Depending on the flow rate and jet conditions, breakup of the sheet is initiated downstream from the point of impingement. Typically, break-up is
initiated along the rim of the sheet and moves towards the center further downstream. The sheet
breaks up into ligaments at periodic intervals. These ligaments disintegrate into droplets further
downstream. Qualitative data of interest here is the method of sheet formation and type of breakup corresponding to differing jet conditions. Quantitative data to be determined includes the
change of break-up length with jet conditions.

Qualitative Analysis of Sheet Break-Up
Figures 6-1, 6-2 and 6-2 show typical instantaneous images of impinging doublets. As the
flow rate is varied, sheet formation and the controlling break-up mechanism changes. For nongelled water cases, the sheet is not fully developed and the break-up occurs predominantly along
the rim of the sheet at low flow rates. As the flow rate increases, instead of droplets separating
from the rim, ligaments fragmenting from the rim at periodic intervals from the periphery of the
impingement point are observed. At the same time, a wave-like structure emanating from near the
impingement point starts to appear on the sheet surface. The disturbance on the sheet increases,
leading to the separation of ligaments. These ligaments disintegrate into droplets further
downstream. Table 6-1 elaborates more upon the sheet break-up mechanism of non-gelled fluids
in different regimes.
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The formation of the sheet for Carbopol-gelled water is quite different from that of nongelled water. At low flow rates, the sheet is very stable, showing no evidence of disturbances on
most parts of the sheet except at the boundary of the sheet. Break-up is downstream of the sheet
predominantly due to aerodynamic disturbances. As the flow rate is increased, the propagated
disturbances appear, causing break-up of the sheet starting from its periphery. Relatively smaller
scale, wave-like structures are observed at the center portion of the sheet. However, such
ligament formation as observed in non-gelled cases is not observed and droplets are separated
from the sheet almost immediately upon its break-up. As the flow rate is increased further, the
break-up region of the sheet moves towards the centerline and the periodic ligament formation is
also observed. The formation of ligaments is initiated by the appearance of distinct „holes‟ caused
by the sheet waves. At a further downstream location, the ligaments acquire a web-like structure
after which they disintegrate into droplets further downstream. The pattern of sheet formation and
disintegration is similar to that found by Kampen et al.1
For the Silica gel, the sheet formation and break-up is very similar to that of the Carbopol
gel. At lower flow rates, a stable sheet is formed, with break-up predominantly downstream of the
sheet. As the flow rate is increased, a web-like structure forms downstream of the sheet almost
immediately. In this low jet velocity region (break-up along rim), the droplets separate from the
web-like structure without the formation of ligaments. The web-like structure of the Silica gel is
however unique from the web-like structure seen in the Carbopol-gel. Similar findings were
reported by Kampen et al.1 As flow rate is increased, a transition takes place into the high-jet
velocity region. In this region, the strong hydrodynamic waves on the sheet initiate the formation
of distinct ligaments at periodic intervals. As these ligaments move downstream, they further
disintegrate into droplets, similar to the case of the Carbopol gel.
It is observed that in the case of non-gelled water, as soon as the sheet is fully developed,
ligament formation takes place, i.e., atomization at any flow rate is due largely to ligament
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formation. Even at lower flow rates, there is no stable, laminar sheet formation. However, in the
case of both the Carbopol and Silica gels, at lower flow rates, droplet formation occurs by
separation from the sheet without the formation of the intermediate ligaments. Ligament
formation only takes place at higher flow rates. This is explained by the fact that the gels possess
a higher inherent viscosity that assists in the formation of a stable, laminar sheet at lower flow
rates. However, due to the non-Newtonian nature of gels, as the flow rate increases, the viscosity
decreases and this laminarity gradually recedes. Non-gelled water, being a Newtonian fluid, with
a constant low viscosity, does not display such behavior. Table 6-2 elaborates more upon the
sheet break-up mechanism of gelled fluids in different regimes.
Ryan and Johnson19 theoretically developed the following equations to determine the
critical Reynolds number which separates laminar and turbulent flow:

The above values of Regen,c for both gels can be assumed to be the critical Reynolds numbers for
the gels at which the flow becomes completely turbulent. Figures 6-2 and 6-3 show that at the
respective critical Reynolds numbers, the sheet for both gels becomes completely turbulent. This
further corroborates the experimental results obtained.
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Figure 6-1: Typical instantaneous images of impinging doublets for non-gelled water cases for
Straight Nozzles l/d=20
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Figure 6-2: Typical instantaneous images of impinging doublets for Carbopol gelled water cases
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Figure 6-3: Typical instantaneous images of impinging doublets for Silica gell cases for Straight
Nozzle l/d=20
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Summary of Break-Up Mechanism
Table 6-1: Break-up of non-gelled ( water) Sheet
Low jet velocity – Break-up along sheet rim

High jet velocity – Break-up due to sheet
turbulence and ligament formation
Wave-like structures form upon jet

Sheet not fully-developed.
impingement.
No web-like formation.

Sheet instability leads to ligament formation

Downstream break-up controlled by pre-

Ligaments disintegrate into droplets further

impingement conditions.

downstream.

Gradual transformation to the next regime

Droplet formation predominantly due to

(Re~4000).

ligament formation.
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Table 6-2: Break-up of Gelled (Carbopol and Silica Gel) Sheet
Low jet velocity – Break-up along sheet rim :

High jet velocity – Break-up due to sheet
turbulence and ligament formation :

Jet momentum and higher viscosity used to

Wave-like structures form on the surfaces of

form stable sheet.

the sheet.

At very low flow rates, break-up is

Wave propagation initiates periodic ligament

predominantly downstream of the sheet.

formation.

At moderate flow rates, break-up and

Distinct ligaments separate first from rim and

atomization due to formation of web-like

move towards centre-line of sheet.

structure on sheet.
Break-up dependent on disturbance due to jet

Downstream, the periodic ligaments break up

conditions. Little or no ligament formation

into droplets.

takes place.
Regime exists up to ~ Regen, HBE=2000

Fully developed pattern post ~Regen, HBE=3500

(Carbopol gel) & ~ Regen, HBE=1100 (Silica gel)

(Carbopol gel) & ~Regen, HBE=2700 (Silica gel)
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Image Processing
The sheets formed at different flow rates using various pairs of nozzles are imaged using
a high-speed camera. About 200 images are taken per operating condition and they are filtered
and averaged above a threshold using a MATLAB program (Appendix D) to determine break-up
length which is determined as the distance from impingement point of doublets to the first
location where the sheet is disconnected (Figure 6-4).
Three separate locations can be utilized for determining the break-up length of the sheet.
As the break-up initiates along the periphery of the sheet, the break-up length can be the distance
between the point of impingement and either from the right-edge, centerline or left-edge of the
sheet. Measurements taken on either edge of the sheet were not consistent enough due to the
following factors:
a. The break-up point along sheet rim was difficult to determine.
b. Slight misalignment of the impinging jets may precipitate into more pronounced effects
on the edges of the sheet.
c. A change in flow rate also changes the sheet width, thereby changing the geometry of the
sheet. This would affect the break-up length measured.

For these reasons, it was determined that break-up length measured at the center of the
sheet gave the most consistent results and so this criterion was used to determine break-up length
for all cases.
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Figure 6-4: Averaging of images to determine sheet break-up length
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Quantitative Analysis of Sheet Break-Up
Figure 6-5 shows plots of measured break-up length vs. Reynolds number for non-gelled
water and for various orifices. Weighted curve-fitting was used for the plots for smoother curves
in order to be able to observe the trend. As the Reynolds number increases, the break-up length
initially increases and then starts decreasing. This is due to the fact that at lower flow rates the
sheet is not fully developed and the corresponding break-up measurements are not indicative of a
fully-developed sheet. It can be observed that the pre-impingement jet stream conditions play a
significant role in the break-up process: for all Reynolds numbers, the break-up length for both
pairs of nozzles with l/d=20 is larger than that of nozzles with l/d=5. However, the effect of
orifice inlet geometry (angled vs. straight edge) on break-up length does not seem to be as
significant.
In the case of Carbopol gel (Figure 6-6), due to the nature of break-up processes
described previously, two different downstream sheet break-up locations can be used to
determine the break-up length: edge (left and right) and center of the sheet. The plots of the
break-up length shown are measured using distance along the center of sheet vs. Reynolds
number. The apparent viscosity of the gel is dependent on the level of shear rate in the orifice,
which is dependent on two primary factors, the nozzle exit velocity of the jets and the nozzle
characteristics. Similar to non-gelled water cases, it can be observed that the pre-impingement jet
stream conditions play an important role in the break-up process, i.e., the break-up process is
delayed significantly for the long nozzles (l/d=20) compared to short nozzles (l/d=5). As the
Reynolds number increases, the break-up lengths seem to converge for both nozzles. Also evident
from the results is the relatively minor effect of orifice inlet geometry on the break-up length. At
higher flow rates, the break-up length is more or less the same for short and long nozzle pairs.
This indicates that the jets from both nozzle lengths have reached turbulent conditions and so
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have acquired a fully-developed spray pattern. Further increase of flow rate will not decrease the
break-up length. Ryan and Johnson19 theoretically developed the following equation to determine
critical Reynolds number which separates laminar and turbulent flow:

As seen from the previous section, this yields a value of 2590 for the Carbopol gel. From
Figure 6-6, it is indeed seen that a further increase of flow rates (causing subsequent increase of
Re number), does not produce a significant decrease in the break-up length, i.e., the break-up
length has approached an asymptote.
In the case of the Silica gel, experiments were only carried out with the straight edge inlet
nozzles of l/d=5, 20. As reported in the previous section, since nozzle inlet geometry did not play
a significant role in internal nozzle flow, angled edge inlet nozzles were not used. From Figure 66, we see that the variation of break-up length follows a similar trend as seen from the non-gelled
and Carbopol-gelled cases. There is a uniform decrease in break-up length with an increase in
flow rate. Also evident is the difference in break-up length between the longer and shorter
nozzles. As seen in the previous results, the shorter nozzles produce shorter break-up lengths than
their longer counterparts. The critical Reynolds number for silica gel is 2600. It can be seen from
Figure 6-7 that beyond this Reynolds number, the break-up length begins to stagnate with further
increase of Reynolds number.
From Figure 6-8, it is observed that for similar Reynolds numbers, there is much disparity
in the break-up lengths between the non-gelled water, Carbopol gel, and Silica gel. As the
inherent viscosity of the Carbopol gel is higher than that of the non-gelled water, it leads to larger
break-up lengths for the former. However, a comparison between the break-up lengths at similar
Reynolds numbers of Carbopol gel with Silica gel indicates is a large difference between them. It
was observed in Chapter 3, that the jet becomes turbulent at much earlier Reynolds nos. for the
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Silica gel than it does for the Carbopol gel. The impingement of jets of higher turbulence has
corresponding effects on sheet formation and break-up. Due to this jet turbulence the
impingement sheet itself is more turbulent in the case of Silica gel as compared to Carbopol gel
for similar Reynolds numbers, the result of which is the shorter break-up lengths for Silica gel, as
seen in Figure 6-8.
Figure 6-9 shows a plot of break-up length variation with flow rate for all the fluids used,
and Figure 6-10 shows a plot of break-up length vs. Weber number including models developed
by Ryan et al.11 and Jung et al.9 Weber number is dependent on surface tension and flow rate, and
since surface tension is a constant for Newtonian and non-Newtonian fluids, flow rate is the only
variable. Weber number is given by:

It can be seen from Figure 6-10 that the results for water and Silica gel show good
agreement with Jung et al.‟s model. Ryan et al.‟s model, which is based on linear stability theory,
tends to overestimate the break-up lengths. The results for Carbopol gel shows much larger
break-up length for corresponding Weber numbers. Since the surface tensions of Carbopol gel
and non-gelled water are the same, this suggests that the higher viscosity of the Carbopol gel
plays a significant role in its break-up, i.e., break-up of sheet is inhibited by the laminarity due to
high viscosity.
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Figure 6-5: Break-up length vs. Reynolds number for non-gelled water and for nozzles with
various orifice configurations [Weighted Curve-Fitting]
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Figure 6-6: Break-up length vs. Reynolds number for Carbopol-gelled water and for nozzles
with various orifice configurations
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Figure 6-9: Break-up length vs. Weber No. for the fluids used (Straight Nozzles l/d=20)
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Chapter 7

Droplet Size Variation and Distribution

Upon formation of an impingement sheet, as the fluid moves downstream, the instability
caused by aerodynamic and/or hydrodynamic waves initiates formation of „holes‟ on the sheet. At
the point of sufficient turbulence, these „holes‟ lead to the creation of ligaments. This point is
known as the break-up point of the sheet from which the break-up length is calculated, as
discussed in the previous chapter. As these ligaments move further downstream, they separate
into droplets. The size and formation of these droplets depends largely on the upstream flow rate
and surface tension of the fluid. A higher flow rate implies a higher momentum impact upon jet
impingement. This, in turn leads to formation of a sheet with strong hydrodynamic waves causing
faster break-up and finer atomization. Fluids with a lower surface tension force will also tend to
form finer droplets due to the lower resistance to droplet break-up.

Qualitative Analysis of Droplet Formation
Approximately 7.5” downstream from the point of impingement, windows were made in
the enclosure to provide optical access for qualitative and quantitative analysis of the droplet
formation and size. The high-speed camera (Phantom V7) was used to take several images of
droplets formed for both Carbopol and Silica gels at varying flow rates. The images are displayed
in Figure 7-1.
As can be seen from the images in Figure 7-1, at lower flow rates, for both nozzle
lengths, the atomization of Carbopol gelled water is not complete. Ligament fragments can still
be seen. As the flow rate increases, although the frequency of ligament fragments decrease, the
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atomization is still not complete enough to yield spherical droplets. The droplets acquire an
elongated or elliptical shape for the most part. This can be observed even at flow rates as high as
500 cc/min. The primary reason for this may be the higher surface tension of the base solvent,
i.e., water of the Carbopol gel. As for the effect of nozzle length on atomization, it can be visually
observed that the shorter nozzles display finer atomization than their longer counterparts. As the
sheet formed by the shorter nozzles is more turbulent, resulting in a shorter break-up length
(Chapter 6), this transforms to the finer atomization observed visually. The elongated/elliptical
nature of the droplets is undesirable with respect to recording droplet size. The droplet size
analyzer (Malvern SprayTech) works on the principle of diffraction of light through droplets in
order to judge droplet size. For this, it assumes that all droplets possess an approximate spherical
shape. Hence, in the case of elongated/elliptical droplets, either the droplet size estimate may be
too low or too high depending on which diameter is detected by the analyzer.
From Figure 7-2, it is observed that the droplet size for Silica gel diminishes with an
increase in flow rate, and droplet density increases respectively. Unlike in the case of Carbopol
gel, droplets are spherical in shape. As for the effect of nozzle length, visually it is not possible to
detect if there is any effect of nozzle length on overall droplet size. The reason for the better
atomization of the Silica gel, even at lower flow rates, in comparison to the Carbopol gel can be
related to the break-up lengths reported in Chapter 6. The shorter wavelengths of silica gel
implied a higher sheet turbulence leading to the finer break-up of droplets. In addition to that, the
much lower surface tension of the Silica gel as opposed to the Carbopol gel may have also played
a significant role in the break-up process.
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Figure 7-1: Carbopol Gel - Droplet distribution for l/d=5, 20 straight nozzle pairs over varying
flow rates.
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Figure 7-1 (Continued): Carbopol Gel - Droplet distribution for l/d=5, 20 straight nozzle pairs
over varying flow rates.
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Figure 7-2: Silica Gel - Droplet distribution for l/d=5, 20 straight nozzle pairs over varying flow
rates.
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Figure 7-2 (Continued): Silica Gel - Droplet distribution for l/d=5, 20 straight nozzle pairs over
varying flow rates.
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Quantitative Analysis of Droplet Formation
Measurements were taken approximately 7.5” downstream from the point of
impingement, using a droplet size analyzer (Malvern SprayTech). In order to gauge the droplet
size variation downstream across the width of the sheet, the droplet size analyzer was placed on a
traverse and measurements were recorded at specific intervals along the enclosure window.
Variation of droplet size with Reynolds number (flow rate) was also recorded along the
centerline. For this, the droplet size analyzer was fixed at the center point, i.e., downstream from
impingement point, but in line with it, and the flow rate was varied accordingly.
Figure 7-3a shows the spatial distribution of mean drop size (D32) across the width
(perpendicular to the sheet) of spray for various nozzle flow rates and for a straight-edge nozzle
pair (l/d=20). For a given flow rate, the mean drop size becomes maximum at the center of the
spray and gradually decreases along either side of the center. As the flow rate increases, the mean
droplet size decreases at any location in the spray and the spatial distribution of drop size
becomes more uniform. In order to see the effect of nozzle orifice configuration on atomization,
drop size is measured at the center of spray for various orifices. The results are shown in Figure
7-3b. Mean droplet size of shorter nozzles (l/d=5) is smaller than that of longer nozzles (l/d=20)
for both straight- and angled-edge orifice inlet nozzles. This is consistent with previous
observations where the jet stream surface disturbance is more evident in the case of shorter
nozzles.
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Figure 7-3: For non-gelled water (a) Spatial distribution of drop size across spray for various
flow rates (Straight Nozzles l/d=20) and (b) mean drop size at the center of spray vs. Reynolds
number for various orifice inlet configurations
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Figure 7-4a and 7-4b show that the spatial distribution of mean drop size (D32) and the
size of mean droplet size for Carbopol-gelled water case exhibits a similar trend to that of the
non-gelled water case at a similar Reynolds number (around 2200): the mean drop size becomes a
maximum at the center of the spray and gradually decreases towards either side of the center and
as the flow rates (hence Reynolds number) increases, the mean drop size gradually decreases.
However, at a given location in spray the mean drop size is significantly smaller for the
Carbopol-gelled water case than for the non-gelled water case. Also, the Carbopol gelled-water
spray is distributed over a wider space (Figure 7-4b) and in a wider range of sizes (Figure 7-5)
than the non-gelled spray. It should be noted that at a similar Reynolds number, the jet stream
velocity is greater for gelled water cases than for non-gelled water cases and the break-up
mechanism may be quite different for both cases since the viscosity is greater for the former than
the latter and also due to the impact momentum difference. As was reported in Chapter 6 (Figures
6-1 and 6-2), ligament formation as well as a wave-like sheet structure are observed for the nongelled case while the sheet is not yet formed in the gelled water case at an operating condition
corresponding to Re~2200.
Figure 7-6 shows a plot of droplet size variation with Reynolds number, for both nongelled water and Carbopol gelled water. It is observed that although the trend is similar for both
cases, there exists a consistent difference of about 900 m between droplet sizes at any given flow
rate. The Reynolds number is dependent on two factors: flow rate and viscosity. As both these
factors are interdependent for Carbopol gel, it is not possible to isolate one from the other to study
its effect on droplet size. This implies that the Reynolds number, is not a controlling factor that
can be used to correlate droplet sizes. Figure 7-7 shows the variation of droplet size with Weber
number, for both cases. It is observed that the relation of Weber no. with the droplet size is a
better control factor. Weber number is dependent upon the surface tension and flow rate of fluid.
Both fluids possess similar surface tensions, and so the only factor being the flow rate. It is
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observed that the droplet size variation with Weber number for both non-gelled water and
Carbopol-gelled water follows a similar exponential curve. At very high Weber numbers, the
droplet size asymptotes. Since the surface tension of a fluid is inversely proportional to its Weber
number, this implies that the surface tension is paramount in determining the droplet size. In
order to achieve smaller droplet sizes at lower flow rates, the fluid has to possess a low surface
tension value.
Figures 7-8 and 7-9 show the droplet size variation with Reynolds and Weber numbers,
for both gels respectively. It is observed that both gels follow a very similar trend. In addition, the
difference in droplet size at similar Reynolds or Weber numbers is not significant at any point.
This indicates that both Reynolds and Weber numbers can be used as effective control factors in
estimating the droplet size and its variation with flow rate for non-Newtonian gels. Or conversely,
the flow rate and/or surface tension required from a gel in order to yield a particular range of
droplet sizes can also be estimated.
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Figure 7-4: Droplet Size Variation Using Straight-Edge inlet nozzles – l/d=20: (a) – Gelled
water downstream across sheet width, (b) – Comparison between gelled water and water
downstream across sheet width at similar Reynolds no.
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Figure 7-5: Droplet Size Distribution Using Straight-Edge inlet nozzles – l/d=20 for gelled and
non-gelled water at similar Reynolds no. downstream along centerline
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Figure 7-6: Droplet Size Variation with Reynolds no. using Straight-Edge inlet nozzles – l/d=20
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Figure 7-7: Droplet Size Variation with Weber no. using Straight-Edge inlet nozzles – l/d=20
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Figure 7-8: Droplet Size Variation with Reynolds no. using Straight-Edge inlet nozzles – l/d=20
for Carbopol and Silica Gels
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Chapter 8

Conclusions

The research undertaken tested the feasibility of using Gelled Hypergolic Propellants
(GHP) by using non-toxic, non-reactive simulants, for purposes of handling safety and ease in
experimentation. Of primary importance was the study of pre-impingement jet characteristics,
sheet break-up characteristics, and atomization characteristics. Each of these phenomenona are
inter-dependent and are all determined by the rheological behavior of the fluid(s) utilized. The
principal fluid properties controlling its rheology are:
1. Viscous behavior
2. Surface tension
In order to effectively study the effect of these properties on the break-up and atomization
behavior of GHPs, the simulants prepared were matched with the GHPs. Three simulants were
used during the course of the research:
1. Non-gelled water: To act as a simulant for liquid hypergols and a basis to compare with
gels.
2. Carbopol-gelled water: To act as a polymer-based gel, with non-Newtonian (shearthinning) behavior as opposed to Newtonian properties of non-gelled water, with both
fluids possessing similar surface tension properties. This gel was used to gauge the effect
of shear-dependent viscosity on fluid impingement, break-up, and atomization.
3. Silica Gel (Ethanol-Water solvent): To act as a particle-based gel. In addition to being
non-Newtonian (shear-thinning), surface tension of the gel is more akin to that of GHPs,
in order to better study its effect. It is to be noted that this gel was more shear-thinning in
nature than the Carbopol gel.
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Nozzle and Near-Field Characteristics
As a first step, the pre-exit nozzle processes and pre-impingement jet characteristics were
studied. The main emphasis was given to the effects of nozzle geometry, such as orifice inlet
shape and aspect ratio, on jet stream surface dynamics before jet impingement.
Pressure drop across the nozzles indicated the presence of cavitation at higher flow rates
for the shorter nozzles. The longer nozzles showed no evidence of cavitation even at higher flow
rates. This was observed particularly for the non-gelled water and silica gel fluids. In the case of
Carbopol-gelled water, the high laminarity of the fluid at even high Reynolds number prevented
any cavitation from occurring for all nozzles.
Regarding the jets upon exit from the orifice, it was observed that the gelled jets, due to
increased viscosity, display less surface turbulence than the non-gelled water jets at all Reynolds
numbers. At high Reynolds numbers, high surface turbulence was observed in the Silica gel jets,
compared to the Carbopol gel jets. Spreading of the jet stream for Silica gel at high Reynolds
numbers was also observed. The reason for this is postulated to be the lower surface tension of
the silica gel. In all the cases, the nozzle aspect ratio has more noticeable effects on the near-field
jet stream characteristics for all the fluids than the orifice inlet shape: jet streams formed by the
shorter nozzle pairs (l/d=5) result in more pronounced surface disturbance than ones formed by
the longer nozzle pairs (l/d=20). At high flow rates, this causes hydraulic flip resulting in
improper impingement of jets.

74
Sheet Formation and Break-Up
The effects of fluid rheology and pre-impingement conditions on the sheet formation and
break-up was recorded qualitatively and quantitatively. Images taken of the impingement sheet, at
different flow rates, indicated a difference in sheet formation methodology between the nongelled and gelled fluids. It was observed that upon the sheet fully-developing for the non-gelled
fluid, an immediate transformation takes place to ligament formation. Hence, it is the break-down
of these ligaments that leads to droplet formation. However, in the case of gelled fluids, an
intermediate region, at intermediate flow rates, exists before ligament formation takes place. In
this region, the sheet breaks down into a web-like structure, which then disintegrates into
droplets. The process takes place with little or no ligament formation. The reason for this is
theorized to be the higher viscosity of gelled fluids, the laminarity of which makes ligament
formation more difficult. In essence, this laminarity implies that atomization takes place after a
longer delay than for non-gelled fluids. For efficient combustion using GHPs, this delay should
be equal to or shorter than the ignition delay of the GHP being used.
An analysis conducted on the break-up length variation with flow rate yielded that the jet
stream dynamics significantly affect the far-field atomization processes. The sheet break-up
length is much greater for Carbopol gelled water than non-gelled water jets. As the Reynolds
number increases, the break-up length decreases but more rapidly for Carbopol gelled water jets.
However, it is noted that at similar Reynolds and Weber numbers, the break-up lengths of the
silica gel is found to be much less than that of the Carbopol gel. Again, the lower surface tension
of the Silica gel induces faster break-up of the impingement sheet. As for the effect of nozzle
geometry, the longer nozzle (l/d=20) pairs delay the breakup of the impingement sheet, leading to
greater break up lengths than the shorter nozzle pairs (l/d=5) for both non-gelled and gelled water
jets.
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Droplet Size Variation and Distribution
Downstream images taken of droplets formed by impingement of both gels showed a
difference in the droplet formation. It was observed that for the Carbopol gel, the droplets were
not consistently spherical in shape, with many being elongated or elliptical in shape. At lower
flow rates, incomplete atomization, in the form of fragmented ligaments was observed. On the
other hand, droplets formed from Silica gel impingement were consistently spherical at all flow
rates. In both cases, visual observation showed that the droplet size reduces with an increase in
flow rate.
Droplet size was measured downstream across the span of the sheet and was also
measured downstream along the centerline of the sheet for different flow rates. It was found that
for similar Reynolds number, droplet size for Carbopol-gelled water is much lower than that for
non-gelled water. At similar Reynolds number, due to higher viscosity of the Carbopol gel, the jet
momentum is higher than it is in the case of non-gelled jet impingement. The higher momentum
is the cause for producing finer atomization. Also, the impinging jets employing Carbopol gel
produced spray distributed over a wider space and in a wider range of sizes than the non-gelled
water, for similar Reynolds numbers.
For the non-gelled water and for both the gels used, the shorter nozzle pairs consistently
produced smaller droplets than the longer nozzle pairs. The variation of droplet size with the
Weber number showed a good comparison between Carbopol gel and Silica gel. At similar
Weber numbers, the size and trend of the droplet variation is very similar.
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Classification Based on Regime Diagram
Figure 8-1 shows a regime diagram, which is a plot of Weber number variation with
Reynolds number. Included in the plot are all the simulants used in this research in addition to a
nitromethane / Aerosil gel and a JetA-1 / Aluminum gel used by Kampen et. al.1

2

1

Figure 8-1: Regime Diagram – Weber No. vs Reynolds No.

From the figure, it is seen that in order to achieve ligament formation and fully-developed
atomization, the relation Weber number of a fluid at a given Reynolds number is important. Line
1 indicates the region at which ligament formation takes place and line 2 indicates the region
beyond which a fully-developed pattern is observed. For a gel with a fixed surface tension value,
the Weber number is a function of jet velocity. The Reynolds number for any gel is a function of
jet velocity and the corresponding viscosity of the gel. Therefore, for gels possessing low surface
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tension values corresponding to high Weber numbers, a lower velocity is required for ligament
formation. Conversely, gels possessing a high surface tension would yield lower Weber numbers,
requiring high jet velocities for sheet break-up and atomization.

Future Goals
Future work recommended to continue this research or for its enhancement includes the
following:
-

Employ nozzles of various aspect ratios to study the corresponding effects in more depth.

-

Employ nozzles with varying orifice diameters to study the effect of orifice diameter on
jet formation and the effect of corresponding momentum change on sheet break-up and
atomization.

-

Vary impingement angle to study its effect on sheet break-up and atomization.

-

Develop & employ various stable, particle-based gels with surface tension and shearthinning properties specific to specific hypergols in order to be able to classify any
particular hypergol that can potentially be employed as a GHP.

-

Corroborate droplet size data using an image processing program in order to confirm
droplet size for cases where droplets do not possess a clear spherical shape. In addition to
that, an image processing program could also be used to acquire droplet velocity data.
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Appendix A

Various Silica Gels Prepared and Tested

M-5 Silica-Water Gel:
A water-based particle gel (Hydrophilic fumed M-5 Cab-O-Sil from Cabot Corp. in
distilled water) was prepared.

Procedure:
1. Gradually add silica to water as per the required weight percentage
2. Mix uniformly while adding silica
3. When all silica has been added, add 15% by wt. sodium hydroxide solution till solution
attains neutral pH.
4. Mix well until solution is homogenous
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Rheology:

10
0.5% Wt Carbopol in Water
8% Wt Silica Gel - Day 1 (pH 6-7)
8% Wt Silica Gel - Day 2 (pH 6-7)
8% Wt Silica Gel - Day 3 (pH 6-7)
8% Wt Silica Gel - pH 8.3

Viscosity (Pa.s)

1

0.1

0.01
1

10

Shear Rate (1/s)

100

1000

Figure A-1: Rheology of Silica-Water gels [Viscosity(Pa.s) vs Shear Rate (1/s)]

Observations:
Gel with different weight silica percentages (4,5,6,7,8% Silica wt.) solution in water was
prepared. The solutions were all neutralized to a pH just below neutral, as this was observed to
give the best viscosity. Viscosity plots for 8% Silica solution over different days were taken. As
can be seen, the viscosity for the 8% Silica solution did not increase even when left for several
days.
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Figure A-1 shows that the pH plays an important role in viscosity variation. The viscosity
of the old 8% Silica is an order of magnitude higher than that of the ones prepared later. The
cause may be due to the fact that one is at pH8.3, whereas the latter is at a pH6-7. Nonetheless,
required gellation for matching with GHPs occurs for a very high Silica wt.% and at an alkaline
pH, which is not suitable for our application.

Advantages:
-

Easy to prepare.

-

Gellation purely due to particle agglomeration.

Disadvanatages:
-

High wt. percentage of silica required for gel to be comparable to actual GHPs

-

Gel viscosity is sensitive to even slight pH variation.

M-5 Silica-Oil Gel:
An oil-based particle gel (Hydrophilic fumed M-5 Cab-O-Sil from Cabot Corp. in
hydraulic oil) was prepared.

Procedure:
1. Gradually add Carbopol to oil as per the required weight percentage
2. Mix well until solution is homogenous
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Rheology:

10

Viscosity (Pa.s)

0.5% Wt Carbopol in Water
2% Silica in Oil
3% Silica in Oil
4% Silica in Oil

1

0.1
1

10

Shear Rate (1/s)

100

1000

Figure A-2: Rheology of Silica-Oil gels [Viscosity(Pa.s) vs Shear Rate (1/s)]

Observations:
Gel with different weight Silica percentages (1, 2, 3, 4% Silica wt.) solution in oil was
prepared. On adding Silica, significant viscosity increase was observed, as shown in Figure A-2.
It can be seen that, although significant gellation was observed, the oil gels were not very shear
thinning at high shear rates, but only at lower shear rates. This can be explained by the fact that
oil inherently possesses a much higher viscosity. However, 4% Silica in oil shows relatively good
matching with the GHPs.
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Advantages:
-

Easy to prepare.

-

Gellation purely due to particle agglomeration.

-

Relatively good matching with actual GHPs.

Disadvanatages:
-

Not as shear thinning at higher shear rates as the actual GHPs, and so the physical
properties of GHPs at high shear rates upon impingement cannot be accurately studied.

-

Use of an oil-based gel will make experimental setup very messy.

M-5 Silica-Ethanol/Water Gel:
An ethanol/water-based particle gel (hydrophilic fumed M-5 Cab-O-Sil from Cabot Corp.
in 75%/25% by vol. Ethanol/Water) was prepared. Ethanol possesses a surface tension that is
lower to that of the actual GHPs, whereas water possesses a surface tension that is higher. An
ethanol-water mixture is used to form a solvent whose surface tension can be better compared
with that of the actual GHPs.

Procedure:
1. Mix ethanol and water in a 75-25 ratio by volume
2. Gradually add silica to water as per the required weight percentage
3. Mix uniformly while adding silica
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4. When all silica has been added, add 15% by wt. sodium hydroxide solution till solution
attains required pH.
5. Mix well until solution is homogenous

Rheology:

10
5% Silica Wt in 75-25 Ethanol-Water pH 7.9
7% Silica Wt in 75-25 Ethanol-Water pH 7.7

Viscosity (Pa.s)

1

0.1

0.01
1

10

Shear Rate (1/s)

100

1000

Figure A-3: Effect of Silica wt. % on silica-ethanol/water gel rheology [Viscosity(Pa.s) vs Shear
Rate (1/s)]
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10
5% Silica Wt in 75-25 Ethanol-Water pH 7.9
5% Silica Wt in 75-25 Ethanol-Water pH 8.6

Viscosity (Pa.s)

1
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10

Shear Rate (1/s)

100

1000

Figure A-4: Effect of pH on silica-ethanol/water gel rheology [Viscosity(Pa.s) vs Shear Rate
(1/s)]

Observations:
On observation from Figure A-4, it was seen that viscosity of Silica Eth-Water gel is very
sensitive to the pH. Maximum viscosity was observed at a pH between 7.5 and 8.6. Also, an
increase of even 2% Si caused an order of magnitude increase in the viscosity as shown in Figure
A-3. Viscosity curves for this gel display good matching with actual GHPs. In addition, its
surface tension is also expected to match well with the GHPs.
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Advantages:
-

Easy to prepare.

-

Gellation purely due to particle agglomeration.

-

Surface tension of solvent similar to that of the actual GHPs.

Disadvanatages:
-

High wt. percentage of silica required for gel to be comparable to actual GHPs.

-

Gel viscosity is very sensitive to wt. percentage of silica.

-

Gel viscosity is sensitive to even slight pH variation.

M-5 Silica-Ethanol/Water Gel with Carbopol Added:
An ethanol/water-based particle gel with some polymer gellant added (hydrophilic fumed
M-5 Cab-O-Sil from Cabot Corp. and 981A Carbopol from Lubrizol in 75%/25% by vol.
Ethanol/Water) was prepared. Ethanol/water mixture was used for reasons explained in previous
section. Carbopol was added to enhance viscosity by polymeric dispersion.

Procedure:
1. Mix ethanol and water in a 75-25 ratio by volume
2. Gradually add silica to water as per the required weight percentage
3. Mix uniformly while adding silica
4. When all silica has been added, add 15% by wt. sodium hydroxide solution till solution
attains neutral pH.
5. Gradually add Carbopol to water as per the required weight percentage and mix.
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6. When all Carbopol has been added, add 15% by wt. sodium hydroxide solution till
solution attains required pH.
7. Mix well until solution is homogenous

Rheology:

10
4% Wt Silica 0.05% Wt Carbopol in Water - pH 6.15
4% Wt Silica 0.05% Wt Carbopol in Water - pH 6.30
4% Wt Silica 0.05% Wt Carbopol in Water - pH 6.95

Viscosity (Pa.s)

1

0.1

0.01
1

10

Shear Rate (1/s)

100

1000

Figure A-5: Effect of pH on silica-carbopol-ethanol/water gel rheology [Viscosity(Pa.s) vs Shear
Rate (1/s)]
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Observations:
On polymeric dispersion, it was observed that gellation improved significantly. This
entails that a lower Silica wt % could be used and still better rheology properties will be observed
as opposed to only an Silica-Water gel. However, as can be seen from Figure A-5, it was still
sensitive to pH. Optimum pH for this was found to be around pH6.15-6.30. Very good
rheological matching with actual GHPs is observed.

Advantages:
-

Gellation purely due to particle agglomeration.

-

Surface tension of solvent similar to that of the actual GHPs.

-

Good rheological matching with actual GHPs.

-

Relatively lower wt. % of silica required for similar rheology.

Disadvanatages:
-

Gel viscosity is very sensitive to even slight pH variation.

-

Solvent separates out from gel when stored for an extended period.
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Appendix B

LabVIEW Main Run Program
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Appendix C

LabVIEW Nozzle Pressure Test Program
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Appendix D

MATLAB Image Averaging Program
% IMAGE AVERAGING
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% Subtracts background from each image, adds all images and
averages them by scaling to produce an averaged image in
tiff format
clc
clear all
% Background Image
imported_background=imread ([' background.tif']);
background=double (imported_background);
for ii=1:50
if ii<10
str=[' 000' int2str (ii)];
elseif ii<100
str=[' 00' int2str (ii)];
elseif ii<1000
str=[' 0' int2str (ii)];
elseif ii<10000
str=[int2str (ii)];
end
% Read image
imported_image=imread ([' sample_' str '.tif']);
new_image=double (imported_image);
% Background Subtraction
new_image=new_image-background;
% Image Addition
if ii==1
averaged_image=new_image;
else
averaged_image=averaged_image+new_image;
end
end
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figure
m=max (max (averaged_image));

% Normalize between 0 and 255 :
y = averaged_image - min (min (averaged_image));
z = y/max (max (y))*255;
s = uint8 (z);
% Display Image
imshow (s,[0 256]);
% Save normalized image
imwrite (s, ' averaged2.tif',' tiff');
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Appendix E

MATLAB Background Subtraction Program
% BACKGROUND SUBTRACTION
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% Subtracts Background and saves for a series of images
clc
clear all
%Import Background Image
imported_background=imread(['background.tif']);
background=double(imported_background);
%No. of images for background subtraction:
i=2
for ii=1:i
if ii<10
str=['000' int2str(ii)];
elseif ii<100
str=['00' int2str(ii)];
elseif ii<1000
str=['0' int2str(ii)];
elseif ii<10000
str=[int2str(ii)];
end
% Read image
imported_image=imread(['image_' str '.tif']);
new_image=double(imported_image);
%Background Subtraction
new_image=new_image-background;
averaged_image=new_image;
%
y
z
s

Normalize between 0 and 255 :
= averaged_image - min(min(averaged_image));
= y/max(max(y))*255;
= uint8(z);
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%imshow(s,[0 256]);
imwrite(s, ['averaged_' str '.tif'],'tiff');
end
for ii=1:i
if ii<10
str=['000' int2str(ii)];
elseif ii<100
str=['00' int2str(ii)];
elseif ii<1000
str=['0' int2str(ii)];
elseif ii<10000
str=[int2str(ii)];
end
%Import Averaged Image
imported_image=imread(['averaged_' str '.tif']);
s=imported_image;
%Display Averaged Image
figure
imshow(s,[0 256]);
end

