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ABSTRACT

Hypergolic ignition by the head-on collision of a smaller N,N,N’,N’—tetramethylethylenediamine (TMEDA)
droplet and a larger white fuming nitric acid (WFNA) droplet was experimentally investigated by using
a droplet collision experimental apparatus equipped with a time-resolved shadowgraph, a photodetector
and an infrared detector. The investigation was focused on understanding the influence of droplet col-
lision and mixing, which vary with the collisional Weber number (We = 20—220) and the droplet size
ratio (A = 1.2—2.9) while have a fixed Ohnesorge number (Oh = 2.5x10-3), on the hypergolic ignitability
and the ignition delay times. The hypergolic ignition was found to critically rely on the heat release from
of the liquid-phase reaction of TMEDA and nitric acid, which is subsequent to and enhanced by the effec-
tive mixing of the droplets of proper size ratios. Consequently, the ignitability regime nomogram in the
We-A space shows that the hypergolic ignition favors small As and large Wes; the ignition delay times
tend to decrease with either decreasing A, or increasing We, or both. A non-monotonic variation of the
ignition delay times with We was observed and attributed to the non-monotonic emergence of jet-like

mixing patterns that enhance the droplet mixing and hence the liquid-phase reaction.
© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction
1.1. Hypergolic ignition

Spontaneous ignition of a hypergolic propellant occurs upon the
contact with an oxidizer without external heat sources such as
flames, sparks, hot gases and surfaces [1-4]. Using hypergolic pro-
pellants in rocket engines simplifies the engine design, allows the
engine restart, and thereby increases the engine maneuverability.
In a typical rocket engine combustor, the initially separated liquid
fuel and oxidizer are brought together to react by the impingement
of fuel and oxidizer jets. A lapse can be detected between the first
contact of fuel and oxidizer and the occurrence of ignition, which
is often characterized by rapid heat release and possibly concomi-
tant visible light emission. Unlike the autoignition of a homoge-
neous mixture of non-hypergolic reactants, which can be defined
characterized as by a “rapid” rise of temperature or pressure, the
hypergolic ignition is inherently a physicochemical process involv-
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ing mixing and reactions in both liquid and gas phases, and its def-
inition is usually descriptive and system-dependent.

Many experimental methods have been developed for study-
ing the ignition process of hypergolic propellants from different
aspects and comprehensively summarized in a few reviews [2,4].
Fletcher and Morrell indicated that the fundamental difference
among these methods arises from the different modes of mixing
[2]. The prevalent experimental methods are schematically shown
in Fig. 1(a)-(d) in the order of approximately descending degree
of premixing before reaction. Figure 1(a) schematizes the piston-
driven apparatus, in which the reactants are rapidly mixed within
a few milliseconds or less before being injected into a constant-
volume reactor [5-8]. The observed ignition process is dominantly
determined by chemical reactions and can be separated into three
temporally sequential stages [2,7,8]: the first stage is the fast
liquid-phase reactions yielding heat and gaseous species; the sec-
ond stage is the relatively slow mixing and reactions in gas phase;
and the third stage is the gas-phase ignition and combustion. Fur-
thermore, the ignition delay is found to rely on the duration of
the second stage, which is sensitive to the heat release from the
liquid-phase reactions in the first stage. Figure 1(b) schematizes
the impinging jet test, in which the fuel and oxidizer are partially
premixed before they are injected by the impinging nozzles into a
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Fig. 1. Schematic of experimental methodologies for hypergolic ignition in (a) a piston-driven apparatus with rapid mixing, (b) an impinging jet test, (c) a drop test, (d) a

drop contact test, and by (e) binary droplet collision.

confined chamber [9-11]. This apparatus can be used to simulate
various temperature, pressure and concentration conditions met in
rocket engine combustors. Figure 1(c) schematizes the widespread
drop test for prescreening potential hypergolic propellants [12,13].
In the test, a fuel drop is made to impact a small amount of oxi-
dizer pool in either a glass cuvette or a flat tray. The fuel and ox-
idizer have minimal premixing before their liquid-phase reactions
occur. Figure 1(d) schematizes the drop contact test, in which a
suspended droplet of one propellant gradually approaches to an
unrestrained pool of the other propellant [14-16]. Such a test was
recently developed to resemble the hypergolic ignition initiated by
droplet-droplet collisions with small impact inertia [14].

In spite of the worthy understanding in hypergolic ignition ob-
tained with the experimental methods shown above, the influence
of liquid-phase mixing in determining the ignition delay are either
designedly eliminated from the rapid-mixing reactors, or partially
suppressed in the impinging jet tests, or inseparably present in
the drop tests. Moreover, it is difficult (if not impossible) to quan-
tify the liquid-phase mixing in the drop tests because of the “wall
effect” introduced by the cuvette walls, or the quartz rod or fil-
ament for suspending the droplet, or the surface supporting the
unstrained liquid pool. In view of that the impinging jets of hy-
pergolic propellants are atomized into droplets in rocket engine
combustors, and that the frequent collisions of propellant droplets
tend to promote the liquid-phase fuel-oxidizer mixing and there-
fore the ignition, an experimental method-free from any wall effect
as shown in Fig. 1(e)-for studying the hypergolic ignition initiated
by the binary collision of droplets, as shown in Fig. 1(e), is desir-
able but has not been attempted.

Recent interests in gelled hypergolic propellants (GHP) [17-19]
further signify the study of hypergolic ignition by droplet collision.
Because of the reduced vapor pressure of propellants by gelling,
the ignition of GHPs can be only triggered in liquid phase after
a succession of fluid-dynamical processes: the collision, the coa-
lescence and the mixing of the fuel and oxidizer droplets. It is
nevertheless known that a collision of two liquid droplets unnec-
essarily results in a coalescence, which in turn cannot warrant a
sufficient and rapid mixing within the coalesced droplet. Conse-
quently, it is worthwhile to briefly summarize the current under-
standing in droplet collision dynamics, especially those pertinent
to the droplet internal mixing, in the following subsection.

1.2. Collision dynamics and internal mixing of droplets

Being of importance in understanding many industrial and nat-
ural processes, binary droplet collision in a gaseous medium has
been a subject of considerable interest for decades [20,21]. The
majority of earlier experiment research was focused on identify-
ing various collision outcomes of two identical droplets and on
their variation with the controlling parameters: the collision We-
ber number, We, measuring the relative importance of droplet iner-
tia compared with its surface tension, and the impact parameter, B,

characterizing the deviation of droplet trajectories from the head-
on condition. For water, alkanes and alcohols, five distinct collision
outcomes are effected by varying We and B: (I) coalescence after
minor deformation, (II) bouncing, (Ill) coalescence after substan-
tial deformation, (IV) coalescence followed by separation for near
head-on collision (a.k.a. reflective separation with small B), and (V)
coalescence followed by off-center collision (a.k.a. stretching sepa-
ration with large B). Droplet splattering occurs at the higher Wes,
often over a thousand, which are infrequently encountered in real
engine conditions [22].

Theoretical efforts have been made to understand the experi-
mental observations. Zhang and Law [5] developed a comprehen-
sive theory to explain the nonmonotonic transitions from Regime
(I) to (II) and from (II) to (III). The theory reveals that the occur-
rence of droplet coalescence or bouncing depends on whether or
not the clearance between the impacting interfaces can reach the
critical range (typically tens of nanometers) of the van der Waals
force before the droplets have totally lost the translational kinetic
energy of their relative motion. Several contributing physical fac-
tors, such as the rarefied nature of the intervening gas flow be-
tween the droplets, the viscous dissipation of the droplet inter-
nal motion, and the van der Waals force between the droplet in-
terfaces, were identified and incorporated into the theory. Various
models have also been proposed to explain the transition between
Regime (IIl) to (IV) [3,6-8] and the formation of satellite droplets
for Regime (V) [9-10]. The viscous dissipation through the inter-
nal motion of merged droplet was found to suppress the droplet
separation and therefore stabilize the droplet.

The ambient pressure influences the collision outcomes [20,23].
Specifically, droplets tend to bounce back with increasing the am-
bient pressure because the increased inertia of the gas film sep-
arating the droplets becomes more resistant to be drained out
to effect the interface merging [24]. By the same token, droplets
tend to coalesce with decreasing the ambient pressure. For in-
stance, bouncing is absent for water droplets at atmospheric pres-
sure but present at reduced pressures; coalescence is present for
n-tetradecane droplets at atmospheric pressure but absent at ele-
vated pressures.

The size ratio, A, usually defined by the ratio of the diame-
ter of the bigger droplet to that of the smaller one, affects sub-
stantially the collision outcomes. Previous studies [25-27] have
demonstrated that droplet separation is suppressed and hence
droplet coalescence is promoted by increasing the size ratio. It
is known that droplet separation occurs, at relatively high Weber
numbers, when the surface tension of the temporarily coalesced
droplet cannot hold the excess kinetic energy of the collision. In-
creasing the size ratio tends to increase the viscous dissipation
within the coalesced droplet, which stabilizes the droplet by dis-
sipating the excess energy.

The effects of liquid viscosity on the collision outcomes, partic-
ularly on suppressing the droplet separation through the viscous
dissipation, were observed by Jiang et al. [28] and Qian and Law
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Fig. 2. Experimental images (adapted from [35]) of the head-on collision of
unequal-size water droplets, showing the non-monotonic emergence of jet-like
mixing patterns. The size ratio is fixed at 2.5 and the Weber numbers from left
to right are 4.7, 8.1 and 28.7, respectively.

[23], and further confirmed and characterized in subsequent stud-
ies [29-31]. The Volume-of-Fluid simulation of Dai and Schmidt
[29] on the head-on collision of equal-size droplets shows that the
dependence of the dissipated energy and the maximum deforma-
tion on the collision Reynolds number decreases with increasing
the Reynolds number up to 200. Their results suggest that the vis-
cosity effect on the maximum deformation becomes insignificant
at sufficiently high Reynolds number. The experiments of Gotaas
et al. [30] on the collision of equal-size droplets of wide ranges
of viscosity from 0.9x10-3kg/(m-s) to 48x103kg/(m-s) and the
Weber number from 10 to 420 show that the transition Weber
number for the droplet separation linearly increases with the
Ohnesorge number (Oh) for the droplets with Oh<0.04 and ex-
ponentially increases with the Oh for the highly viscous droplets
with Oh>0.04.

Another important aspect of droplet coalescence is the sub-
sequent internal mixing, which has gained increasing attentions
in recent years for its relevance in the microfluidics and hyper-
golic propellant systems involving liquid-phase reactions [32-38].
An important understanding gained from the recent studies is that
the internal mixing is minimal for the head-on collision of two
identical droplets due to the intrinsic symmetry across the colli-
sion plane. Effective mixing requires breaking the symmetry by in-
troducing differences between the droplets to either surface ten-
sions, or viscosities, or diameters. Tang et al. [37] investigated ex-
perimentally and numerically the internal mixing of unequal-size
droplets and identified the jet-like mixing patterns varying with
We and A, as shown in Fig. 2. For droplets with a relatively small
viscosity (for example, water and n-decane), the internal mixing
in the coalesced droplet is facilitated by the emergence of jet-like
patterns at small and large Weber numbers, and however such jet-
like mixing patterns do not develop at intermediate Weber num-
bers. Mechanically, the jet formation at small Wes is driven by the
capillary pressure difference of the droplets; it is suppressed by the
substantial droplet deformation at intermediate Wes; it reemerges
at large Wes due to the droplet stretching in the direction of the
large impact inertia. In addition, the jet-like mixing is enhanced by
increasing the size ratio because it favors the concentrated impact
inertia of the smaller droplet. The jet-like mixing is suppressed for
liquids with large viscosities (for example, n-tetradecane) that re-
duce the impact energy through viscous dissipation.

Several inferences of the above understanding on droplet co-
alescence and mixing can be drawn for hypergolic ignition by
droplet collision. First, hypergolic ignition may favor relatively low
ambient pressures because droplet coalescence is the prerequisite
for the subsequent droplet mixing but it is suppressed at elevated
pressures. Second, hypergolic ignition may favor a large size dis-
parity for enhanced droplet coalescence and mixing. Third, hyper-
golic ignition may vary significantly with We because the degree

of droplet mixing depends on We non-monotonically through the
jet-like mixing patterns. It is also noted that these inferences may
be reformed when droplet collision and mixing are coupled with
chemical reactions.

1.3. Hypergolic ignition of TMEDA and WFNA

Tertiary amine N,N,N’,N'—tetramethylethylenediamine [(CH3);
NCH,CH,N(CH3),, referred to as TMEDA hereinafter] has been
tested as an alternative, ‘green’ hypergolic propellant for future
rocket and missile engines to replace the acutely toxic and po-
tentially carcinogenic hydrazine and its derivatives. Compared with
the widely-used monomethylhydrazine (CH3NHNH,, referred to as
MMH hereinafter), TMEDA remains as a liquid in a wider range of
temperatures and is 8.4 times less toxic based on the LDsq data,
and therefore reduces the threat of its vapor exposure to the per-
sonnel and environment during its storage and handling. Further-
more, when used with nitric acids (NA) as the oxidizer, such as red
fuming nitric acid (RFNA) and white fuming nitric acid (WFNA),
TMEDA has comparable specific impulses, density impulses and ig-
nition delays, making TMEDA an attractive MMH substitute.

Compared with the extensively studied MMH and other amines,
the TMEDA/NA system was recently investigated in only a few
theoretical and experimental studies. McQuaid et al. [39,40] per-
formed the ab initio quantum chemistry and molecular dynamics
studies of various multi-amines and correlated the advantageous
hypergolicity of TMEDA to the orientation of its amino lone pair
electrons. The density functional theory (DFT) study of Liu et al.
[41] identifies two key reactions affecting the ignition delay of
TMEDA/NA: the exothermic proton transfer reaction from NA to
TMEDA to form the dinitrate salt, TMEDADN, in liquid phase,

TMEDA + 2HNO; — TMEDADN, (1)

and the subsequent gas-phase reactions between TMEDA and NO,,
the major product from the thermal decomposition of NA. The
important role of the exothermicity of liquid-phase reactions in
determining the hypergolic ignition delay was also confirmed by
Zhang et al. [42], whose DFT study employs eight different the-
oretical methods to compare the TMEDA/NA system with that of
2—azido—N,N—dimethylethanamine (DMAZ) and NA.

Dambach et al. [16] conducted drop contact tests and drop
tests to study the hypergolic ignition of TMEDA/RFNA. Ignition was
observed for all the drop tests but not for the drop contact tests,
implying that the droplet impact promotes the ignition by enhanc-
ing the mixing. Their drop contact tests also show that ignition
does not occur when the volume ratios of TMEDA to RFNA are
small.

Wang et al. [11,13] used a confined interaction setup resembling
the jet impinging apparatus and a drop test to study the hyper-
golic ignition of TMEDA with an NA of 90% purity. Their Fourier
transform infrared spectrometry measurement of species confirms
the existence of TMEDADN, which appears as a solid particulate
cloud. The exothermic salt formation reaction was found crucial for
the heat needed for evaporating the reactants, decomposing NA to
NO,, and the subsequent reactions of TMIEDA and NO,.

The present experimental study attempts to study the hyper-
golic ignition by the binary, head-on collision of a smaller TMEDA
droplet and a larger WFNA droplet in atmospheric air, with the
emphasis on the influence of the collision parameters, such as
We and A, on the ignition delays. Only head-on collisions (B=0)
are considered in the study to avoid the additional complexity
of off-center collisions (B#£0), which merit future studies. Because
unequal-size droplet collisions promote droplet coalescence and
mixing, the size ratio is another crucial variable besides the We-
ber number. Furthermore, WFNA is used to minimize the inter-
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vention of other components contained in RFNA or in other NAs.
We shall present the study as follows. The experimental apparatus
and the measurement methods are expatiated in Section 2. The re-
sults for a representative case are presented in Section 3 to illus-
trate the hypergolic ignition processes. A We-A regime nomogram
for the hypergolic ignitability is also presented in the section. The
influences of We and A on the ignition delays are discussed in
Sections 4 and 5, respectively, followed by concluding remarks, in
Section 6.

2. Experimental apparatus and measurement methodology
2.1. Droplet collision apparatus

The schematic of the droplet collision apparatus established for
the present study is shown in Fig. 3. Droplets are generated by two
independent droplet nozzles, (1) for WFNA and (2) for TMEDA, and
collected by a tray (3). The nozzles are connected to the pressur-
ized liquid tanks (4) and the pressure of pure nitrogen from the
gas tank (5) is regulated by two SMC pressure reducing valves (6)
with an accuracy of 0.1 kPa and are powered by a 24V direct cur-
rent (7).

The key component of the TMEDA droplet generator is an elec-
tromagnetically controlled micro valve, SMLD 300 G, made by Fritz
Gyger AG. The valve has a typical response time of 400 ps, a max-
imum dispensing frequency of 3000 Hz, and a repeat accuracy of
higher than 95%. The droplet generator is mounted on a micro-
metric XYZ stage (8) to precisely adjust the positions and angles of
the dispensing TMEDA droplets. The droplet generator is triggered
by a function generator with tunable time delays, so the droplet
can be spatially and temporally regulated to collide with the WFNA
droplet generated separately. The sizes of the TMEDA droplets vary
from 0.5 mm to 1.2 mm in the present study and are mainly de-
termined by the orifice diameter of the valve nozzle. The switch-
on duration of the nozzle, which is controlled by the pulse gen-
erator (9) through a controlling circus (10), moderately affects the
droplet size. The dispensing velocity of the TMEDA droplets can be
changed with the nitrogen gas pressure through the pressure re-
ducing valve (6).

Because WFNA is strongly corrosive to the SMLD 300G valve
and other commercial droplet generators, a simple but functional
droplet generation nozzle was designed and manufactured for the
present study. The needle-shape nozzle with a diameter of 0.2 mm
is made of Teflon (Polytetrafluoroethylene) and mounted down-
wardly to generate WFNA droplets of 1.45mm with a frequency
of 2-3 Hz by the pressurized nitrogen gas. Once a WFNA droplet is
collided by a TMEDA droplet, their motion will substantially devi-
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Fig. 3. Schematic of the experimental apparatus for hypergolic ignition by binary
collision of TMEDA and WFNA droplets. (1) WFNA droplet generator, (2) TMEDA
droplet generator, (3) Collection tray, (4) Pressurized liquid tank, (5) Gas tank, (6)
Pressure regulator, (7) DC power supply, (8) XYZ and angle displacement stage, (9)
Function generator, (10) Controlling circuits.

ate from the trajectories of the other WFNA and TMEDA droplets.
As a result, the droplet collision and subsequent ignition processes
are not intervened by other droplets generated from the nozzles.

2.2. Measurement methodology

The experimental setup for the shadowgraph imaging, photo-
electric and infrared detections is shown in Fig. 4. The tempo-
rally resolved shadowgraph images are recorded by a Phantom
V711 camera (1), with an imaging speed of 5000 frames per sec-
ond. Each image consists of 1024 x 800 pixels and one pixel repre-
sents a physical two-dimensional grid of 20 pm x 20 pm. With the
enlarging optical lenses, the camera is able to capture an about
4cm x 3 cm region (one pixel represents 40 umx40 pm), which is
sufficiently large for observing the entire collision and ignition pro-
cesses. A light-emitting diode (2) is placed oppositely to the high-
speed camera as a back light source.

Because the hypergolic ignition of TMEDA/WEFNA is accompa-
nied with luminous flames and a large amount of heat release
[11,13], visible and infrared radiations are measured to detect the
occurrence of the ignition. The THORLABS DET10A photodetector
(3) has a wavelength range of 200-1100nm and a rise time of
1ns. The liquid-nitrogen-cooled infrared detector (4) of Infrared
Associates, Inc. has a wavelength of 2-5um and a response time
of 1ps. It will be seen shortly that these two measurements with
high responsivities provide validations to the ignition delay time
determined by analyzing the time-resolved shadowgraph images.

The photodetector and the infrared detector are placed at the
same horizontal level as that of the high-speed camera. The con-
vex lens for visible lights (5) and the one with infrared antireflec-
tion coatings (6) are 2 in. in diameter. Synchronized with the high-
speed camera and externally triggered by a pulse generator (8), the
oscilloscope (7) collects and displaces the voltage signals from the
visible light photodetector and the infrared radiation detector.

The diameters, the relative velocity and the collision impact pa-
rameter of the TMEDA and WFNA droplets are measured from the
shadowgraph images, as shown in Fig. 5. The grayscale images of
the shadow photographs are stored with a resolution of 8 bits per
sample pixel, which results in 256 different grayscale levels for
the shade of gray. The lowest level, 0, denotes the darkest and
the highest level, 256, the brightest. With the average grayscale
level set to be 100, the grayscale levels are lower than 5 in the
region occupied by droplets and the opaque gaseous species, and
are higher than 250 in the region occupied by luminous flames.
The small, bright spots in the centers of the droplets are due to
the light reflection.
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Fig. 4. Schematic of experimental setup for visualizing the hypergolic ignition by
time-resolved shadowgraph, visible light detection and infrared radiation detection.
(1) High speed camera, (2) Light-emitting diode, (3) Photoelectric detector, (4) In-
frared radiation detector, (5) Plano-convex lens, (6) Infrared enhanced mirror, (7)
Oscilloscope, (8) Pulse generator, (9) Computer.
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Fig. 5. Grayscale level analysis of the representative shadowgraph images of the hypergolic ignition (a) before droplet collision, (b) before luminous flames appear, and (c)

after luminous flames appear.

Because of the large difference of grayscale levels in the shad-
owgraph images, we can use the MATLAB software to count
the grayscale level for each pixel, compute the local gradient of
grayscale levels and identify the outmost edge of the droplet sur-
face, where the largest gradients are obtained. Consequently, the
droplet shape can be determined with an accuracy of one pixel
and the measured droplet diameters have errors less than 7%, as
the smallest droplet occupies about 15 pixels. The droplet veloc-
ity can be determined, within an error of 3—8%, by locating the
droplet center in five successive images within 1.0 ms, and subse-
quently calculating and averaging the time derivatives of the coor-
dinates of the droplet center. The impact parameter is defined by
B =x/L, in which x is the projection of the separation distance L
between the droplet centers in the direction normal to the rela-
tive velocity and can be determined after the velocities of the two
droplets are obtained. In the present study, the impact parameter
is controlled to be smaller than 0.1 to minimize the influence of
off-center collisions.

3. Ignition phenomena, ignition delay time and ignitability
3.1. Descriptions of ignition phenomena

The phenomena of the hypergolic ignition by the collision of a
smaller TMEDA droplet and a larger WFNA droplet are described
by using a representative case of We = 60.9 and A = 1.6. Choosing
WENA as the excess propellant is suggested by the stoichiometry
of the exothermic liquid-phase reaction (1) and have been used
in previous drop tests [11,13]. The Weber number is defined by
We = poDoU? /o and the size ratio by A = Dy/Dg, where p, o,
and D are the density, the surface tension and the diameter of the
droplets; U is the relative velocity between the droplets; the sub-
script “O” denotes WFNA and “F’ TMEDA. These nondimensional
numbers are based on the physical properties of the WFNA droplet
because Dy is fixed at 1.45 mm in the present experiment.

Dimension analysis shows that the collision of two unlike, mis-
cible droplets relies on not only We and A but also the Ohnesorge
number, Oh = o/+/Po0oDo; the density ratio, po/pF; the viscos-
ity ratio, uo/ur; the surface tension ratio, og/oF; the gas-liquid
density ratio, pg/po; and the gas-liquid viscosity ratio, (tg//to. The
fluid-dynamic effect of liquid viscosity, particularly on suppress-
ing the droplet separation through the viscous dissipation of the
droplet internal motion, can be characterized by either the Ohne-
sorge number or the Reynolds number, Re = pgDoU/ Lo, but not
both at the same time because they are interdependent by Re =
VWe/Oh when We is given.

As the physical properties of the two propellants, the ambi-
ent gas, and Dy are fixed in the present experiment, only We
and A can be independently varied by changing the impact ve-

locity and the size of the TMEDA droplet; the Ohnesorge number,
Oh = 2.5 x 1073, is fixed in the present study; Re = v/We/Oh varies
accordingly with We; the other ratios are fixed as constant param-
eters.

For a unified description, we have introduced and presented the
nondimensional time T = t/tosc Where tosc = v/ 0oR3/00iS approx-
imately the natural oscillation time of the WFNA droplet and is
fixed at 3.3 ms in the present study. Considering the present prob-
lem is not a purely surface-tension-driven flow and the droplet
impact inertia play an important role, we have also presented an-
other characteristic time defined by tipepia = Do/U = 9.3 ms/v/We
for comparison. It is noted that physical times in lieu of the nondi-
mensional times will be referred to throughout the below discus-
sion.

The shadowgraph images at selected times are shown in Fig. 6,
where t = 0 is defined as the moment when the droplets are about
to collide. An axisymmetric coordinate system is established on
the WFNA droplet so that the head-on collision is along the z-
direction. It is noted that different reference lengths are used for
a clear presentation of the entire process, which spatially expands
from a few hundred microns to a couple of centimeters. Resem-
bling the drop tests of TMEDA/NA by Wang et al. [11,13], the ob-
served phenomena can be visually divided into five stages as fol-
lows.

Stage 1 (Oms—about 4.0ms): droplet coalescence and de-
formation. The dominant phenomena in this stage are droplet
collision, coalescence and deformation, which are similar to those
observed in the collision of two nonreactive droplets [25,37]. A
slightly dark “tail” behind the WFNA droplet is the shadow of NA
vapor, which is negligible during this stage because of the rela-
tively low droplet temperature and the short time. The droplet sur-
face becomes increasingly blurry after about 2.0 ms because the
exothermic TMEDA/NA liquid-phase reaction starts increasing the
droplet temperature and thereby expediting the droplet vaporiza-
tion.

Stage II (about 4.0 ms —about 20.0 ms): droplet heating and va-
porization. This stage is characterized by the spread of the blurred
droplet surface, which is quickly concealed by the expansion of
the opaque vapors and gaseous species. We can infer that droplet
is being heated up from the inside to the surface, because the
exothermic liquid-phase reaction occurs with the merged droplet
where the effective mixing of TMEDA and WFNA can be achieved
by forming the jet-like flow patterns, as discussed in Introduction.
This inference is consolidated by the vortex ring formation ob-
served in Wang et al.’s drop tests [11,13], which is a well-known
counterpart of the jet formation in the drop-pool interaction. Be-
cause of the droplet heating, the surface temperature has not been
fully increased in this stage and there by droplet vaporization is
slower than that in the subsequent stage.
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Fig. 6. Shadowgraph images of the hypergolic ignition at selected times for a representative case with We=60.9 and A=1.6. tjperia =1.19 ms.

Stage III (about 20.0 ms —about 30.0 ms): rapid vaporization and
reactions. The droplet vaporization and the reactions in both liquid
and gas phases become significantly faster because of the increased
droplet temperature. It is seen that, a large amount of vapors and
gaseous species are produced; they appear as a large opaque area
in the images.

Stage IV (about 30.0 ms - about 31.0 ms): ignition in gas phase.
The ignition occurs at 30.6 ms as the emergence of a bright ker-
nel within the opaque area, implying the over-exposed luminous
flame. The temporally resolved images enable the visual deter-
mination of the ignition delay time to be between 30.2 ms and
30.8 ms. Meanwhile, the shape and area of the opaque region do



282 D. Zhang et al./Combustion and Flame 173 (2016) 276-287

Fig. 7. Nonflammable condensed-phase products from the representative case shown in Fig. 6.

not have significant changes, but the grayscale levels of the igni-
tion kernel vary substantially.

Stage V (after about 31.0 ms): flame propagation and combus-
tion. The luminous flame outwardly propagates in the gaseous
species, as the opaque region recedes while the bright region ex-
pands within 4—5 ms. When the opaque gaseous species are con-
sumed exhaustively, the flame extinguishes and a nonflammable
condensed-phase product is left behind, as clearly seen in Fig. 7
for its solid-like surface appearance. It is also seen that, the vol-
ume of the product does not significantly change from 32.4 ms to
44.0 ms, and therefore substantiates its non-flammability.

3.2. Determination of ignition delay time

As discussed in Introduction, the definition of hypergolic igni-
tion is usually descriptive and system-dependent. For example, the
hypergolic ignition in the common drop-test is defined as either
the appearance of a flame as an indicator of reactivity [41] or the
emergence of a visible luminous kernel in the gas phase above
the liquid surface [11]. In the drop contact test of Dambach et
al., the hypergolic ignition is defined as a highly transient phe-
nomenon, which produces a flame after a multitude of complex
coupled physical and chemical processes have occurred [14]. To ac-
curately determine the ignition delay time in the present exper-
iment, a method based on analyzing the grayscale levels of the
shadowgraph images is used in the present study. As has been dis-
cussed in Section 2, the average grayscale level of the background
in each shadowgraph image is set to be 100; the dark areas repre-
senting either the droplets or the opaque gaseous species have the
grayscale levels below a lower threshold value such as Gy, =5;
the bright areas representing the luminous flames have grayscale
levels above a higher threshold value such as Gpgy = 250. Conse-
quently, two time-dependent ratios can be defined by

Ta = Ng(t|G < Giw)/N, 1 = Np(t|G > Gpign) /N (2)

Ny(tlG < Gipy) and Ngy(t|G)Gpgp,) are the total numbers of pix-
els having the grayscale levels, G, lower than G,,,, and higher than
Ghigh, Tespectively; N is the total number of pixels in the image.

Figure 8(a) shows the procedure of the grayscale level analysis.
The monotonic rise of r; from 0 ms to about 30 ms indicates the
increased amount of opaque gaseous species from the droplet va-
porization and the gas-phase reactions. Meanwhile, r, remains a
negligibly small value because ignition has not occurred. Stages I-
Il identified in Section 3.1 are manifest in this figure: ry remains
constant during Stage I (0—4 ms), implying little liquid vaporiza-
tion; Stage I (4—22 ms) is characterized an approximately linear
increase of ry; Stage III (22—30 ms) shows another approximately
linear increase of r; with a larger slope, implying the faster droplet
vaporization after the completion of droplet heating.

During Stage IV (30-35ms), r; decreases rapidly due to the
consumption of the opaque gaseous species; r;, increases simulta-
neously because of the emergence and expansion of the luminous

flames. The ignition delay time (abbreviated as IDT hereinafter)
can be unambiguously defined as the instant corresponding to the
turning point of r; and r,, namely, 30.6 ms with an uncertainty
of less than 0.2 ms. Stage V starts at 35.6 ms when r;, reaches its
peak value, as a result of the full expansion of the luminous flames.
This stage ends at around 44.0 ms, when the luminous flames dis-
appear. The value of ry at 44.0ms is slightly larger than that at
the initial time because of the opaque unburned gases and the
condensed-phase products.

To quantify the sensitivity of the IDT to the arbitrarily chosen
threshold values in Eq. (2), we repeated the above analysis by us-
ing another two combinations of Gy, and Gpg, and compared the
results in Fig. 8(b). It is seen that the turn points of ry and r}
remain almost unchanged to the different threshold values and
the uncertainty is less than 0.1 ms. For consistency, G,, =5 and
Ghigh = 250 were used in the present study for determining all the
IDTs.

To further validate the grayscale level analysis of shadowgraph
images, we measured visible lights and the infrared radiation, as
shown in Fig. 9(a). During the first three stages, the two voltage
signals denoting the intensities of the visible lights and the in-
frared radiations remain constants regardless of the fluctuations
due to the background noise. The occurrence of ignition is indi-
cated by the simultaneous increases of both signals at 30.6 ms, as
shown clearly in Fig. 9(b), which is identical with the result from
the grayscale analysis. It is also seen that the intensity signal of
the visible lights increases to the peak value at about 35 ms and
subsequently decreases to its initial value after 40 ms. Although
the intensity signal of the infrared radiation increases almost syn-
chronously with that of the visible lights, it gradually decreases af-
ter 40 ms, because the gas temperature slowly decrease due to the
heat loss to the environment.

3.3. Regime nomogram of ignitability

A large number of experiments on the hypergolic ignitabil-
ity by droplet collision have been conducted and the results
are presented as a regime nomogram in the We-A parameter
space, as shown in Fig. 10. An approximately straight line, fit-
ted as A=0.0044We+1.82, separates the We-A subspace of
We=20-220 and A=12-2.9 into two regimes: the ignitable
regime below the line and the non-ignitable regime above it. It
is seen that increasing the size ratio suppresses the ignition and
therefore a larger Weber number is required to promote ignition.
In the regime nomogram, the variation of We not only affects the
internal mixing within the coalesced droplet but also causes the
droplet separation, which may drastically change the subsequent
chemical reactions in both liquid and gas phases. The detailed dis-
cussions on the effects of We and A will be presented in the fol-
lowing sections.
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4. Weber number effects on ignition delay

In order to illustrate the effects of the Weber number, We, on
the IDT, the temporally resolved shadowgraphs for four cases are
shown in Fig. 11(a)—(d). Only sixteen images at selected times are
presented for each case for simplicity and clarity: the first four im-
ages for Stage I, the second four for Stage II, the third four for Stage
Il and the last four for Stages IV and V. The four cases have the
same size ratio, A =1.6, as that of the representative case discussed
in Section 3, but two have the smaller We=37.0 and We=52.0,
compared with We=60.9 of the representative case, and the other
two have the larger We=70.8 and We=83.0.

Compared with the representative case, the case with We=37.0
has a longer Stage II as seen in Fig. 11(a), which implies a slower
droplet heating process as the result of a probably less degree of
droplet mixing at the smaller impact inertia. Meanwhile, the pro-
longed droplet heating process may result in more heat loss to the
environment, which in turn results in a prolonged Stage IIl and a
postponed ignition. The IDT of this case is 41.6 ms.

As the We increases to 52.0, one may expect to observe an
IDT between 30.6 ms (at We=60.9) and 41.6 ms (at We=37.0). Sur-
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prisingly, a substantially smaller IDT of 29.2 ms was observed and
mainly attributable to the significantly expedited droplet vaporiza-
tion, as clearly seen in Fig. 11(b). A possible explanation to the ob-
servation is the non-monotonic emergence of the jet-like mixing
patterns with varying the Weber number, as discussed in Introduc-
tion. The decrease of the IDT from 41.6 ms at We=37.0 to 29.2 ms
at We=52.0 can be attributed to the mixing enhancement by in-
creasing the Weber number. The increase of the IDT to 30.6 ms at
We=60.9 may be caused by the suppression or disappearance of
the jet-like mixing pattern. This speculation is further consolidated
by the case with We=70.8, in which a longer IDT of 31.2 ms is seen
in Fig. 11(c). A direct visualization of the droplet mixing is however
not available in the present study but merits future study.

Further increasing the Weber numbers can effect the decrease
of IDT as the result of either the re-emergence of the jet-like
mixing pattern, or the substantially increased droplet deformation,

or both. The jet formation promotes the droplet internal mixing
and the liquid-phase reaction; the droplet deformation augments
the droplet surface area and hence the vaporization rate. As shown
in Fig. 11(d) for the case with We=83.0, the coalesced droplet
substantially stretches along the direction of collision and results
in a disk-shape deformation at 9.0 ms. The significantly deformed
droplet provides a larger surface area for the vaporization, as
showed by a large amount of opaque gaseous species at 18.0 ms.
Although the droplet separation eventually occurs, as clearly seen
at the times after 24ms, a shorter IDT of 26.0ms is obtained
in comparison with those of smaller Weber numbers. The two
separated condensed-phase products are the proof of the droplet
separation.

The dependence of the IDTs on the Weber numbers at the var-
ious size ratios of 1.3, 1.6 and 2.2 are shown in Fig. 12. Several
observations can be made from the results. First, the IDT has an

Fig. 11. Shadowgraph images of the hypergolic ignition by collisions with a fixed A=1.6, (a) We=37.0, tiperia=15ms, (b) We=52.0, tjperia=1.3ms, (c) We=70.8,

Cineria = 1.1 ms, and (d) We=83.0, tiyerja =1.0 ms.
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Fig. 12. Dependence of ignition delay times on the Weber number at various droplet size ratios of 1.3, 1.6 and 2.2.

overall tendency of decreasing with increasing We because of the
enhanced droplet deformation and mixing, both of which expedite
the droplet vaporization and hence the subsequent gas-phase igni-
tion. Second, the subtle, non-monotonic variation of the IDT with
We can be found at all the size ratios, probably attributed to the
non-monotonic emergence of jet-like mixing pattern. Third, as the
We increases to be sufficiently high, the IDTs are as small as 15 ms
and do not show significant changes with We. This substantiates
that the IDT at high Wes will be independent of mixing but con-
trolled by the chemical reactions of the propellants [2]. Fourth, in
the case of A=2.2, no ignition was observed for the Wes smaller
than 60.9. In addition, the IDTs tend to increase with the size ra-
tios: the curve presenting for A=2.2 is above that for A=1.6,
which in turn is above that for A=13. These results imply that
the size ratio plays a vital role in the ignition process, which will
be discussed in the next section.

5. Size ratio effects on ignition delay

In order to illustrate the effects of the droplet size ratio, A, on
the IDTs, the temporally resolved shadowgraphs for three cases are
shown in Fig. 10. The three cases have the same Weber number,
60.9, as that of the representative case discussed in Section 3, but
one has a smaller A=12 and the other two have larger A=2.2
and A=2.38.

Compared with the representative case with A=1.6, the case
with A=1.2 exhibits similar droplet collision and ignition pro-
cesses, as seen in Fig. 13(a). Nevertheless, the shorter ignition de-
lay time of 25.2 ms seems to contradict with the argument that in-
creasing the size ratio enhances the droplet mixing and therefore
expedites the ignition. This contradiction can be resolved by con-
sidering the chemical stoichiometry of the liquid-phase reaction
(1). The overall equivalence ratio [43,44] for the TMEDA/NA liquid-
phase reaction can be defined as

Mrvepa/Mna _ Vha 2
(Mrvepa/Mnn)se — Vipepa A3

where Vy, = 41.65 cm3/mol and Vpyepa = 149.66 cm3/mol are the
molar volumes. It is noted that the reaction does not occur at
D yverann i the present non-premixed system, that ®gyer, has an
indirect effect on the reaction, and that @y, can be used as an
indicator for the amount of maximally possible reaction heat re-
lease.

Using Eq. (3), we can have @y =0.32 for A=1.2, and
Dgperan = 0.15 for A=1.6. The larger Py in the case with

2 056

~ AT 3)

q)overall =

A=1.2 may result in a larger amount of heat release, which has
been proven to be critical to the subsequent fuel vaporization and
decomposition. In addition, we can infer that, although the igni-
tion favors the enhanced mixing by increasing the sizer ratio, it is
more sensitive to the overall equivalence ratio, which decreases cu-
bically with the size ratio. This inference is confirmed by the two
cases of A=2.2 and 2.8, in which no ignition happens as shown in
Fig. 13(b)-(c). The possible reason for the non-ignitability of these
two cases is that their overall equivalence ratios (Pgyeray = 0.05
and @ e = 0.025) are too small for the liquid-phase reaction to
generate enough heat for fuel vaporization. The deficient vaporiza-
tion is manifestly seen in the shadowgraph images.

Figure 14 shows the dependence of the ignition delay times
on the size ratio at We=60.9 and We=83.0. With regard to the
liquid-phase reaction between WFNA and TMEDA, the unity over-
all equivalence ratio corresponds to A =0.8. Therefore, all the cases
shown in the figure can be considered “fuel lean” and the igni-
tion tends to increase monotonically with increasing A and hence
decreasing ®gyera- A plateau of the IDTs can be observed for
A =1.33-1.55 at We = 60.9, and for A =1.4-1.55 at We = 83.0. This
may be caused by the competition between the liquid-phase reac-
tion, favoring small As, and the droplet mixing, favoring large As.
As the overall equivalence ratio cubically decreases with A, the
liquid-phase reaction dominates over the mixing enhancement in
determining the IDT.

6. Concluding remarks

Hypergolic ignition by a smaller TMEDA droplet colliding head-
on with a larger WFNA droplet was experimentally studied for
its relevance to rocket propulsion with hypergolic propellants. The
newly established experimental apparatus eliminates the wall ef-
fect existing in the standard drop tests and enables to mimic the
hypergolic ignition by the collision of two freely moving droplets.
The present study was focused on understanding the influence of
the droplet collision and mixing, which vary with the Weber num-
ber (We) and the size ratio (A) while at a fixed Oh=2.5x10-3, on
the hypergolic ignitability and the ignition delay times. The hy-
pergolic ignition processes were visually captured by time-resolved
shadowgraph. The ignition delay times were determined, with an
uncertainty of less than 0.2 ms, by the grayscale level analysis of
the shadowgraph images, which has been validated by the photo-
electric methods based on visible lights and infrared radiations.

The hypergolic ignitability of TMEDA/WFNA can be character-
ized by a regime nomogram in the We-A parameter subspace of
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Fig. 13. Shadowgraph images of the hypergolic ignition by collisions with a fixed
We=60.9 and (a) A=1.2, (b) A=2.2, and (c) A=2.8. tinertia = 1.2 ms for (a), (b) and
(c).

We=20-220 and A=1.2-2.9. An approximately linear line fitted
as Aq;=0.0044We+1.82 divides the subspace to the “ignitable”
regime below A and the “non-ignitable” regime above. These
results suggest that the hypergolic ignition occurs when the size
ratio is sufficiently small, and that increasing the Weber number
augments the critical size ratio.

The effects of the size ratio on the hypergolic ignitability can
be understood from two aspects. From the physical aspect, in-
creasing the size ratio enhances the droplet mixing and hence
the exothermic liquid-phase reaction, which is crucial for droplet
heating, vaporization and decomposition of the propellants. From
the chemical aspect, increasing the size ratio cubically deviates
from the chemical stoichiometry of the liquid-phase reaction,
TMEDA +2NA — TMEDADN, because the WFNA droplet size is fixed
in the present study and a larger size ratio means a smaller TMEDA
droplet. The dominant chemical effect of the size ratio over its
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Fig. 14. Dependence of the ignition delay times on the size ratio at the Weber
numbers of 60.9 (tjpertia=1.2 ms) and 83.0 (tipertia=1.0 ms).

physical effect results in the favor of the hypergolic ignition to
smaller size ratios. For the ignitable cases, the ignition delay times
tend to increase with A. The appearance of the plateaus of IDTs,
as the result of the competition of droplet mixing and chemical
stoichiometry, consolidates the above explanation.

Increasing We often tends to enhance the droplet mixing and
hence the liquid-phase reaction heat release, yielding a larger crit-
ical size ratio for the hypergolic ignitability. By the same token,
the ignition delay times tend to decrease with increasing We. A
seemingly counterintuitive result has been obtained in the present
study that, in a certain (relying on A) range of We, the ignition
delay times increase with We. This result can be speculatively at-
tributed to the recently identified phenomena in droplet coales-
cence and internal mixing: the jet-like mixing patterns emerge at
relatively small and large Wes but disappear at intermediate Wes.
Future studies are merited to seek direct evidence to the specula-
tion.

It is noted that all the above discussions are based on the situ-
ation where the WFNA droplet is larger than the TMEDA droplet. It
merits a separate, future study to explore the hypergolic ignitabil-
ity for the cases of A <1, namely, the WFNA droplet is smaller
than the TMEDA droplet. For advocating such a study, we have
conducted three exploratory experiments, at We=30.1 and A =0.5,
We=280.3 and A=0.5, We=30.1 and A=0.7, in which the size of
the WFNA droplet is fixed at 0.3 mm. No ignition was observed for
all the three cases. A possible explanation is that these droplets
are too small to generate sufficient heat release through the liquid-
phase reaction, and additionally the large surface-volume ratios in-
crease the heat loss to the environment.

In the present study, the Ohnesorge number is fixed so that
the effects of liquid viscosity remain to be characterized. The ther-
mal effect of the viscous dissipation on the hypergolic ignition de-
lay is unlikely to be significant compared with the chemical heat
release from the liquid-phase reaction of TMEDA and HNOs. The
fluid-dynamic influence of viscosity on the droplet separation and
in turn the hypergolic ignition may be of interest and merits fu-
ture study. Independent variation of Oh in the present problem can
be only realized by varying Dgbecause the physical properties of
WENA are fixed. Adopting larger droplets in the experiment may
cause the asphericity of droplets while adopting smaller droplets
would signify the additional physics of heat loss in the present
problem.

The above considerations urge a future study on the compre-
hensive characterization of the viscosity and size effects. Future ef-
forts can be also made to enclose the experimental apparatus in
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a pure nitrogen environment with variable pressures to mimic the
real engine conditions without atmospheric oxygen.
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