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A Morphological technique for quantifying cryogenic sprays directly from their images,
has been developed. The technique has been validated with results from the laser diffraction
particle analyzer for water sprays and has been shown to be effective even for dense water
sprays. Morphological operations have been explained through a lucid physical analogy for
the opening operation. An image of an actual cryogenic spray has been chosen to illustrate
these concepts in a concrete fashion. Influence of pressure drop on the drop size distribution
of an LN2 spray, has been studied using this morphological method. This obviates the need
for using simulants and extrapolation techniques. An important inference from the drop
size distributions, is that evaporation effects become significant as soon as the jet leaves
the injector.

I. Introduction

It is well known that the performance of combustors in all propulsive devices is critically linked to the
manner in which the fuel or propellant is introduced. The computational codes dealing with the combustor
performance invariably require the spray characteristics downstream of the injector as an important input in
the absence of any globally accepted physical model for injectant stream breakup. Reliance on experimental
data on sprays has therefore been unavoidable. While general spray features such as cone angle, intact length
or overall mass distribution can be easily measured, the measurement of drop size distribution has remained
a challenge. The problem becomes very acute while dealing with cryogenic fluids which have very high evap-
oration rates and create a mist in the spray region. This mist tends to obscure the droplets within and the
well known optical instruments such as those using laser diffraction principle tend to yield erroneous data.
The practice of using storable liquids, mostly water, for deducing the droplet sizes of cryogenic fluids also
has serious limitations. It is not certain if the liquid jet or sheet breakup and spray formation phenomenon
of a fast evaporating medium would follow the same mechanism as do the storables.
It is in this backdrop, an attempt is made to obtain frozen images of liquid nitrogen spray followed by a
newly developed morphological technique to process the images and generate the drop size distribution. A
great merit of this technique is its simplicity and relatively straightforward data reduction. The technique
is evidently applicable to high density spray of storable liquids too.

Limitations of the Current Techniques for Drop Size Measurement of Cryogenic Sprays

A major difficulty when comparing drop size data of several investigators is the use of different mea-
surement techniques, which often do not actually measure the same quantities. Ferrenberg and Varma,1

described the differences in temporal and spatial distributions, obtained mainly from imaging techniques
and PDPA and in some cases with the wax freezing method.

Dodge2 indicated that the most important sources of error are obscuration and droplet number density
when comparing the results of devices based on the diffracted light method and sizers based on the Phase
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Doppler method, which are currently the most widely used techniques. He also indicated a way to compute
overall representative average diameters from local measurements. Inversion techniques have also been
developed1-3 to transform line-averaged data obtained with diffraction-based devices into local values given,
for instance, by the Phase Doppler technique. Glogowski et al.4 examined shear coaxial sprays with both
an air/water system and a GN2/LN2 system. The injector design was based on the SSME injector. They
measured drop velocity and diameter with the PDPA (Phase Doppler Particle Analyzer) for both air/water
and GN2/LN2. The GN2/LN2 tests examined the effect of mixture ratio and chamber pressure beyond
the critical pressure of nitrogen and showed improved atomization with lower mixture ratios. The effect of
chamber pressure on droplet size and mean axial velocity was found to be negligible. Under similar conditions
of mass flow rate and chamber pressure, SMD was 105 µm with LN2/GN2 and 205 µ m with water/air.

Pal et al.5 also modeled their injector after the SSME rocket injector. The paper included a comparison
of PDPA data from air/water and liquid-oxygen/gaseous-hydrogen experiments. Both tests were run with
similar flow conditions. The author found that Sauter mean diameters from the hot-fire experiments were
larger than those from the cold flow experiments, suggesting that the gas-phase velocity fields in the two
cases are significantly different. The mean drop velocity was smaller for the GH2/LOX tests than for air/
water tests. Both Zaller6 and Eroglu7 observed similar trends in PDPA measurements of drop size in coaxial
injector sprays. Yang et al.8 compared the drop size distribution of four pairs of liquid/gas simulants,
which were liquid nitrogen and liquid oxygen with room temperature nitrogen, liquid oxygen with room
temperature helium and liquid oxygen with cold (around 150 K) helium. Tests were conducted with three
chamber pressures (10, 5 and 1 bar), different mass flow rates of LOX and gaseous nitrogen and various
positions of the PDPA probe from 15 to 80 mm downstream, in front of the LOX post. Preliminary results
from the most valid tests showed a SMD between 50 and 80 microns.

These droplet sizes are not in good agreement with predictions from empirical relations taking into
account the surface tension, density and viscosity of liquid oxygen. In all of the aforesaid studies, PDPA
was used to make measurement of coaxial injector sprays, without and within a pressurized chamber. These
studies were limited, however, by the inability of the PDPA to reliably measure drop sizes below 30 µm,
handle wide droplet velocity ranges or make measurements in dense spray.

Among the current techniques, Laser diffraction is, by far, the fastest and most widely used method for
determining the drop size distribution of liquid sprays. For accurate measurements with light diffraction
methods, it is important to use fluids which have stable refractive indices. If the refractive index varies
throughout the fluid, the pattern of the index variation will be responsible for some scattering signals, which
could cause measurement errors. A major source of error, beam steering, is caused by index variation which
occurs over a large scale compared to beam diameter due to temperature gradients around the cold working
fluid moving in warm ambient air. For the present case, LN2 drops are formed at a temperature very close to
their boiling point i.e. 77 K, which is very low compared to the ambient gas temperature of 295 K. This not
only makes small drops evaporate very quickly but also presents further difficulties through the temperature
and refractive index gradients in the gas phase, surrounding the drops.
To determine the effect of dense spray, indicated by excessive obscuration, on drop size measurement by light
scattering technology, Chin et al.9 investigated a correction factor for water based on several combinations
of sprays which result in high obscuration levels. The correction is required because the technique assumes
that light is scattered only once in the measurement volume, whereas multiple scattering is sure to occur in
sprays having a high number density. Results indicated that SMD as measured with high obscuration levels
is much lower than the one measured at dilute conditions. The correct SMD was as high as twice the SMD,
measured at obscuration levels exceeding 75% and resultant SMD values often appear unrealistically high.

The mode in which a jet of water breaks-up, is very much different from that of a cryogenic fluid jet. This
is because, the underlying physical mechanisms are quite distinct in the two cases and cryogenic propellants
exhibit peculiar trends in the variation in their thermodynamic properties like surface tension and latent
heat of evaporation, close to and above the critical point. The classical modes of liquid breakup like the
Rayleigh regime, wind-induced regimes etc, based on the Ohnesorge number are no longer valid in case
of a cryogenic fluid. Some of the researchers1,10,11,12 obtained spray parameters for a cryogenic spray, by
performing experiments with water and then using empirical correlations to extend the results to cryogenic
fluids. They tried to model the influences that properties like density, viscosity, surface tension and injection
velocity, have on spray breakup, through these correlations.

Considering the disparate and inconsistent expressions given by these investigators for extrapolating the
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drop sizes of simulants to cryogenic fluids and the futility of using the otherwise ubiquitous technique of laser
diffraction here, the need for a simple technique to measure drop sizes of cryogenic sprays was acutely felt.
Conventional photography is particularly well-suited for this purpose, since it is as though the spray itself
were “frozen” and a section taken for analysis. Moreover, taking a snapshot, though it calls for practical
skills, requires little other than a digital camera; unlike other imaging techniques like Raman Imaging, which
need complex equipment.The following section is an overview of the Morphological technique.

II. The Morphological Technique

Str. element, E

Translate of Union of translates
E inside A

Figure 1. Opening as a Union of Translates
of the Structuring Element

A Opening of A

Structuring element

Figure 2. Physical Analogy (Sieving) for
Opening

Morphology is a term commonly used in the biological sciences for describing the form or structure of
an organism. In image processing morphology denotes the geometrical or textural features of the image.
The techniques of morphology try to mimic the manner in which a human being perceives and processes
an image. Morphological operations can help in rapidly classifying images based on the size/shape of the
features they contain.These techniques derive their power from the fundamental set-theoretic operations of
union, intersection and complement. Mathematical foundations for Morphology have been discussed in Ref.
17. In the present study, the ’opening’ operation, which appears in the next subsection, has been extensively
used.

Opening is a set-theoretic operation, which is like filtering objects through a sieve of a certain size. The
output from the opening consists of all objects which exceed or are equal to the mesh size of the sieve. Thus,
opening by a round structuring element can be visualized as the figure generated by rolling a ball from inside
the boundary of the set A, and choosing the entire interior and only those regions of the boundary which
the cylinder can touch. Opening smoothes contours, breaks narrow isthmuses and eliminates sharp peaks
and small islands.This effect can be seen in Figure 1 which illustrates the opening as the union of translates
of a structuring element.

From Figure 2, which gives the physical analogy for opening, what exactly happens during the opening
operation can be immediately observed.

By using sieves of gradually increasing mesh sizes, and performing certain operations like taking the
complement, we can obtain a sequence of images. Figure 3(a) is the black and white(binary) image of an
LN2 spray. Consider an image Φ7(A) which is a member of this sequence of openings, derived from the same
base image “A” and the image Φ8(A) which comes next in this sequence. Here “7” and ”8” denote the sizes
of the mesh used for screening. Figure 3(c) shows how Φ8(A) has all objects smaller than “8” pixels while
Φ7(A) in Figure 3(b) holds all objects having size less than 7 pixels.The trick lies in just subtracting Φ7(A)
from Φ8(A) to get Φ7,8(A) which can be seen in Figure 3(d) and contains only those objects lying in the size
class 7-8. Counting the number of droplets in images like Φ7,8(A) provides data for plotting the histogram
of the number of droplets against the size-class.

The algorithm for generating a granulometry is represented by the flowchart shown in Figure 4 below. It
accepts the raw image A as the input and delivers a sequence of images.It can be seen that there will be an
image corresponding to the smallest mesh size at which nothing will pass through the sieve.
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(a) Black and White (Binary) Image “A”of an LN2 spray

(b) Image Φ7(A) (c) Image Φ8(A)

(d) Image Φ7−8(A)

Figure 3. Two consecutive images Φ7(A) and Φ8(A) in the morphological sequence and the resulting Φ7−8

III. Results and Discussion

A. Coaxial Injector Using Water:Air as Simulants

Trials were carried out on a coaxial injector using water and air as simulants for LOX and LH2 respectively.
The water spray emerging from this injector is seen in Figure 5. While Malvern Mastersizer was used
to measure the drop size distribution, analyzing the same spray using the morphological method was an
interesting proposition that would further validate this technique. With a pressure drop of 0.26 bar for the
water jet and a drop of 1.26 bar in the pressure across the co-flowing air stream, several images were captured
under identical conditions, and were processed through the morphological technique. There was almost an
imperceptible variation in the SMD across runs on three different photographs. This is also reflected in the
histogram of Figure 6.

Once the the repeatability of the technique was proven, the fractional and cumulative volume distributions
were plotted. Figure 7 shows these plots, alongwith the results given by Malvern Mastersizer. Though
the obscuration levels were within acceptable limits, laser diffraction shows a bimodal distribution with a
second peak around 1400µ m. The presence of this second peak cannot be substantiated and this indicates
that obscuration is not the only limiting factor while using laser diffraction. Under the same conditions,
morphological analysis as in Figure 6 reveals the presence of a very large number of droplets in the lower
size class and hence, multiple scattering might be the culprit in this case. This view is supported by the
cumulative volume distribution curves: that from the morphological method rapidly saturates at 700µ m, as
in Figure 7 whereas that from Malvern Mastersizer continues to accumulate volume from size classes even
beyond 1000µ m. The photographic method, clearly, suffers from no such limitations, as regards the droplet
number density.

B. Cryogenic Sprays

1. Jet Breakup Length and Spray Divergence Angle

The experiments are conducted with liquid nitrogen at a pressure of 300-350 kPa injected into ambient air.
The LN2 jet in air at ∆ p of 3kg/cm2, corresponds to a Reynolds number of 105 and an Ohnesorge number
(Oh) of around 10−3. Hence in our experiments, the jet was always in the atomization regime of the stability
theory of Reitz13 at all pressure drops.

Our results using a plain atomizer discharging LN2 into ambient air echo the trends reported earlier as
reviewed by Reitz13 for change in the breakup length with velocity, in the atomization regime. Thus, the
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Figure 5. Coaxial injector using water/air
as simulants
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breakup-length displays almost a linear decrease with increasing pressures as in Figure 8.
From Figure 9, it is seen that the spray divergence angle increases with increasing pressure drops. How-

ever, the aerodynamic surface wave growth theory13 predicts a different trend. This confusion can be resolved
if one takes into account the effects of vaporization of the cryogenic jet. Then the classical theory for breakup
of a liquid jet is no longer applicable, and the droplet gasification time (τg) and the droplet bulge formation
time (τb) become important. This also means that the equation proposed by Chehroudi14

θCh = 0.27[τb/(τb + τg) + (ρg/ρl)1/2]

is more relevant than the spray growth equation due to Ranz,13 in the case of cryogenic sprays.

2. Drop Size Distributions at ∆ p=350 kPa

The “global” drop size distribution, (based on the entire spray) is shown in Figure 10(a).
Similarly, Figure 10(b) gives the “local” drop size distribution in the vicinity of the atomizer exit (0-25

mm from injector face).The SMD based on the global spray was 313µm. This value is close to the value
obtained by other workers15 who used photographs and manual counting to quantify LN2 sprays.
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Figure 9. Spray Divergence Angle: variation
with ∆p
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Figure 10. Global and local drop size distributions at Deltap=350 kPa

3. Effect of Pressure Drop on the Drop Size Distribution

From the global drop-size distribution at various pressure drops from 3 to 6 kg/cm2 in Figure 11(a), one
is tempted to conclude that the droplets in the smallest size class at 100µm influence the SMD the most.
This is however, not true because the medium sized droplets at 350µm by being thrice as large, contribute
almost equally to the volume and a bit less to the area of the entire spray, as compared with the smallest
droplets. Secondly, though the absolute difference between the number of droplets seen at 3kg/cm2 and
at 6kg/cm2 varies across different size classes, their relative proportions remain the same throughout. It is
generally believed, that large droplets are a result of primary atomization and the smaller ones are due to
secondary atomization. Then, it appears that the relative strengths of these mechanisms are independent of
the pressure drop and hence the jet velocity.

This is evident from Figure 12, which shows the number of droplets due to secondary atomization,
relative to that due to primary atomization at various pressure drops. If aerodynamic effects alone were the
mechanism responsible for breakup, the number of droplets in the higher size class (produced due to primary
atomization) should not have increased with pressure drop. One can then infer, that evaporation claims a
fairly large share of primary as well as secondary breakup.

The local SMD (in the region within 0-25mm from injector exit)is throughout, greater than the global
SMD in Figure 13 which compares the global and local distributions.This means that coalescence even if
present is not dominant, and the large droplets which appear in the global distribution, are mostly due to
primary atomization. Ruling out coalescence as a candidate mechanism for producing large droplets enables

6 of 8

American Institute of Aeronautics and Astronautics



100 200 300 400 500 600 700
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5
x 10

4

Size class, µ m

N
u

m
b

er
 o

f 
d

ro
p

le
ts

3 kg/cm2

4 kg/cm2

5 kg/cm2

6 kg/cm2

LN
2
 Injected into Ambient Air

(a) Global Distribution LN2 into Ambient Air at Various
Pressure Drops

100 200 300 400 500 600 700
0

500

1000

1500

2000

2500

3000

3500

Size class µm

N
um

be
r 

of
 d

ro
pl

et
s

∆ p 3 kg/cm2

∆p 4 kg/cm2

∆p 5 kg/cm2

∆p 6 kg/cm2

LN
2
 into Ambient Air

Region within 25 mm from Injector face 

(b) Local Distribution: LN2 into Ambient Air at Various
Pressure Drops

Figure 11. Effect of pressure drop on drop size distribution
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Figure 13. Variation of SMD with Pressure
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us to compare the strengths of primary and secondary breakup.
The droplet size distributions in the local region within 25mm from the injector, show a trend similar

to that of the global distribution at various pressure drops.The local distributions, of Figure 11(b) thus,
differ from the global distributions of Figure 11(a) only in the number and SMD (see Figure 13) of particles
present in the image.

IV. Conclusions

The present study has demonstrated how a simple photographic technique can be used to study cryogenic
spray breakup. Though qualitative results giving the trends in breakup length and spray divergence angle,
using photographs, have been available for some time now, the significance of the morphological technique
lies in its ability to provide “quantitative data” in the form of the drop size distribution. Another outcome
is that evaporation effects are dominant in case of cryogenic sprays and hence classical breakup theories,
which do not consider effects of evaporation, are bound to produce inaccurate predictions.

Traditionally,only scientists associated in only a few well funded institutions have had access to advanced
techniques for cryogenic spray studies and the others had to rely upon extrapolation techniques, in absence
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of a cost-effective and simple alternative. The advent of direct techniques like the morphological method,
presents a strong case for doing away with such extrapolation techniques,which do not capture the physics of
cryogenic spray breakup.The morphological technique, thus, it is hoped, will make cryogenic spray breakup
studies accessible to a much wider range of users.
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