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Abstract

Ignition delay of hypergolic bipropellants of TMEDA and
WFNA by their binary droplet collision has been
experimentally studied, with the particular emphasis on the
effects of impact parameter, B, which measures the deviation of
the collision from the trajectory of head-on situation. The
experimental results reveal a non-monotonic effect of the
impact parameter. For B slightly larger than O, the intrinsic
deformation and internal flow pattern promote the mixing
between the colliding droplets and hence reduce the ignition
delay. If B increases to so that off-center separation happens,
the hypergolic ignition would be prolonged owing to the less
mass transfer.

1 Introduction

Being widely adopted for the space propulsion applications, the
hypergolic bipropellant has been of great interests in the past
decades[1-3]. Unlike the ignition of a homogenous mixture of
non-hypergolic reactants, the auto-ignition of the hypergolic
bipropellants essentially relies on the mixing process between
the liquid fuel and oxidizer preceding the eventual gas-phase
ignition[3].

Many experimental efforts have been made in order to quantify
the influence of the liquid-phase mixing process on the
hypergolic ignition[4-7]. In spite of the worthy knowledge
obtained from these previous studies, the liquid-phase mixing
effect remains quantitatively uncertain because of the existence
of the “wall effect” from their experimental facilities.

Recently, an experimental apparatus with capability of
eliminating all the “wall effect” was designed and established
by the authors, through which the hypergolic ignition of
N,N,N’ N’—tetramethylethylenediamine  (referred to as
TMEDA hereinafter) and white fuming nitric acid (referred to
as WFNA hereinafter) was investigated by the binary collision
of ‘freely” moving droplets[8]. The focus of the study was
mainly placed on the head-on collisions at variable collision
Weber numbers(Wes) and size ratios(4s). Hypergolic ignition
delay of the bipropellants was thereby interpreted by using the
previous knowledge of the mixing and interaction effects in
non-reactive head-on droplet collisions[9-10]. Nevertheless, it
is noted that the axisymmetric head-on collision is a rare event
in the real situation and the almost sure events are off-center
collisions.

To quantify off-center collisions, a dimensionless impact
parameter, B, is defined as the ratio of the projection of the
distance of two droplet centers to the direction of their relative
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velocity, y, to the sum of the two droplet radii, (Ds+ D;)/2,
and more specially B = 2y/(Ds+ D;) [11]. The head-on
collision corresponds to B = 0, off-center collisions to 0 <
B < 1, and a grazing collisionto B = 1.

It has been found that B affects not only the outcomes of the
binary collisions but also the mixing during the collision
process [12]. Specifically, it has been numerically found that a
non-monotonic variation of the mixing rate with B would
exhibits at wvarious collision Wes[13-14]. Whether the
hypergolic ignition induced by the off-center collision of
TMEDA and WFNA would be in line with this trend is the
question that merits studies.

Motivated by the foregoing concerns, the present study aims
mainly to experimentally study the hypergolic ignition
characteristics of bipropellants of WFNA and TMEDA by their
off-center droplet collisions with intricate mixing patterns and
fluid physics. We therefore present the study as follows. The
experimental apparatus and the measurement methods are
expatiated in Section 2. The results for four representative cases
are presented in Section 3 to illustrate the hypergolic ignition
processes. Dependence of ignition delay on the impact
parameter is presented in Section 4, followed by concluding
remarks in Section 5.

2 Experimental Specifications

The experimental specifications have already been expatiated
in our previous paper [8] and therefore only a brief description
is given herein. Droplets of WFNA and TMEDA were
generated by two unlike and independently controlled droplet
generators, each of which is fastened on a XYZ microscope
stage through which the generator could be adjusted precisely
in both the dispensing positions and angles. As with intensive
corrosivity, the WFNA droplet was generated by using an in-
house needle-shape nozzle, which was manufactured with the
highly anti-corrosion material of Teflon
(Polytetrafluoroethylene).  With the carefully arranged
connecting pipe and driving pressurized ultra-pure nitrogen gas,
the WFNA droplet size was able to be fixed at 1.45mm at
constant generation frequency. The electromagnetic micro-
valve made by Fritz Gyger AG was employed to generate
TMEDA droplets, whose sizes vary from 0.2mm to 1.5 mm.
Temporally and spatially stable collisions between the TMEDA
and WFNA droplets were achieved by precisely adjusting the
tunable droplet generation time and the position of XYZ stage.

A high speed camera V711 from Phatom was adopted to record
shadowgraph images of the collision and ignition processes
with a fixed sampling rate of 5000fps and a fixed shutter time
of Sus. A MATLAB program was developed to help analyze the
images in determining the diameters, the impact velocities and
the impact parameter, B. The measurement of B, as shown in



Fig.1, relies on the measureent of two velocity vectors at an
appropriate temporal interval. The measurement error for
droplet diameter and impact parameter are less than 7%, and
the uncertainty of measured droplet velocity, which is
determined by averaging the displacement of the droplet center
during five successive images (i.e. 1.0ms), is about 3%-8%.
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Figure 1. The procedure of the calculation of impact parameter
B in experiment for hypergolic ignition by binary off-center
collision of TMEDA and WFNA droplets.

A grayscale analysis of the shadowgraph images as proposed in
our previous study also is applied to precisely determine the
ignition delay time with an uncertainty of less than 0.2 ms.
Such an analysis is based on that large difference of grayscale
levels (0-256) can emerge in the shadowgraph images, where
the darkest areas (levels are lower than 5) are occupied by
droplets and their vapors; the brightest areas (levels are higher
than 250), by luminous ignition kernels and flames. A
photodetector and an infrared detector has been employed in
our previous study to verify the reliability and accuracy of the
grayscale analysis.

3 Phenomenological Description
3.1 Hypergolic Ignition

In order to characterize the off-center (impact parameter) effect
in the present study, four representative collisions with various
Bs of 0, 0.3, 0.6 and 0.9, but with fixed We = 60.9, 4 = 1.6
and Oh =2.5x1073 are presented, in which the Weber
number, We, measurs the relative importance of droplet inertia
compared with its surface tension, size ratio, 4, is defined by
the ratio of the diameter of the bigger droplet to that of the
smaller one, impact parameter, B, is as defined above and
Ohnesorge number, Oh, is adopted to measure the importance
of viscous force relative to surface tension,

Figure 2 shows in the sequence of both the physical time and
dimensionless time, T = t/tyosc Where tose =/ poRE/0, is
approximately the natural oscillation time of the WFNA droplet,
the entire collision and ignition processes for the four
representative cases. For a clear description of the entire
ignition process, multiple length scales were adopted as
indicated on the images. The initial moment, t = 0, is defined
when the two droplets were just about to collide.

As shown in Fig.2, in the initial stage from Oms to about 3ms,
the interaction between the colliding TMEDA and WFNA
droplets for all the four cases are similar to those non-reactive
collisions.[12] Reflexive deformation dominates in the collision
of B = 0 and B = 0.3, while the two droplets tend to stretch
away from each other at B = 0.6 and B = 0.9. Since the merged
droplet was heated up by the exothermic liquid-phase reaction,
opaque vapors and gaseous species were generated and started
to expand outwardly at around 3.6ms for all the four collisions.
The opaque gas-phase matters continued growing so that the

surface of the merged droplet at B = 0 and 0.3 and the separated
droplets with the satellite droplets at B = 0.6 and 0.9 are blurred
or even concealed inside the dark vapor and gaseous products,
as seen at 11.4ms. The flame, indicated by the luminous
overexposure area on the shadowgraphs, can be observed at the
moments of 31ms, 25ms and 33.0ms for collisions B =0, B =
0.3 and B = 0.6 respectively. While no bright flame occurs
throughout the whole period for collision B = 0.9, so it should
be regarded as non-ignitable. Non-combustible products or
unburned extra reactants could be observed along with or after
the luminous flame, as indicated on the images.

imm (a)
o
t=0ms(0) 0.4(0.1) 1.0(0.3) 7.02.1)
Non-flammable produu.
2 6mm K
11.43.4) 16.0(4.8) 30 8(9 3) 31.4(9.5)
R (b) .
Qo B p
o o - *
t=0ms(0) 0.4(0.1) 1.0(0.3) 7.0(2.1)
2.6mm Non-, able) pl’bdl{t
‘ > ..
11.4(3.4) 16.0(4.8) 24.6(9.3) 29.0(8.8)
1mm (c)
t=0ms(0) 0.40.1) 1.0(0.3) 7.02.1)
11.43.4) 16.0(4.8) 17)
lmm ! (d) q 1
t=0ms(0) 0.4(0.1) 1.0(0.3) 7.02.1)
1‘; 43.4) 37.0(11.2)

Figure 2. Shadowgraph images of the hypergolic ignition at
selected times for a representative case with We=60.9 and
4=1.6 and (a) B=10; (b) B=0.3; (c) B=0.6; (b) B=0.9.

3.2 Impact Parameter Effects on Mixing, Evaporation and
Ignition

To systemically describe and analyze the evaporation and
condensed phase chemical reaction processes, we quantified
the pixel-area occupied by the opaque matters in the
shadowgraph images by a normalized parameter of rq¢. The
time-dependent ratio of rqis defined by [8]

g = Ng(t|G < Giow) /N 1)

where Ny (t|G < Gy,,) is the total number of pixels having
the grayscale levels, G, lower than G,,,,; N is the total number
of pixels in the image.
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Figure 3. Grayscale level analysis of rq for the representative
cases shown in Figure 2.
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Figure 4. Grayscale level analysis of ry for the representative
cases shown in Figure 2.

As shown in Fig 3, ra remains the lowest level at the beginning
for almost the same time duration for all the four collisions and
begins to rise up afterwards. In the following growth period of
the opaque matters, the peak values of the occupying area at B
= 0.6 and B = 0.9 are much smaller than those for B = 0.0 and B
= 0.3. The underlying reason is that, since the stretching
separation happens at B = 0.6 and B = 0.9, it diminishes the
amount and time period of mass transfer between the droplets
and hence impairs the evaporation and condensed phase
chemical reactions.

Another interesting phenomenon is that the starting instant of
the rapid evaporation stage comes about 10ms earlier at B = 0.3
than the head-on collision. The difference in the duration of the
rapid evaporation stage is owing to the different mixing
efficiencies for the two merging collisions. When the two
droplets collide with non-zero impact parameters, both
reflexive interaction and stretching will effect and a four-lobe-
shape drop would therefore always be formed, as shown in the
shadowgraph at 7.0ms for the collision at B = 0.3. The droplet
internal under the competing effects would be more
complicated than it does in the head-on collision under
symmetric reflexive interaction. The intricate internal flow will
thereby enhance the mixing and expedite the evaporation.

Based on the observation and analysis above, we found that the
impact parameter would influence the mixing between the two
droplets in two competing ways. At relatively small Bs, for
example, B = 0.3, the reflexive interaction is dominant and it
strengthens the mixing by the “jet-like” internal flow patterns
[17]. While the mixing enhancement will be weakened due to
the reduced time for mass transfer if stretching separation
happens at higher Bs.

Affected by the mixing of the fuel and oxidizer and the
accompanying evaporation, the hypergolic ignition delay is

therefore related to the impact parameter effect. Another
normalized parameter, rp, whish is silimar to rq but with a high
threshold of grayscale level of Gnign, representing the
development of the luminous flame was employed to
quantitatively identify the ignition delay. As shown in Fig. 4,
the ignition delay times for the three ignitable representative
collisions B =0, B = 0.3 and B = 0.6 are 30.6ms, 24.0ms and
32.2ms, respectively. Such non-monotonic behavior hereto can
be attributed to the two competing mechanisms on the mixing
of the fuel and oxidizer droplets prior to ignition event in the
off-center collisions.
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Figure 5. Nonflammable condensed-phase products from the
representative cases shown in Figure 2.

Appearances of the final reaction products for the four
collisions are another evidence of the non-monotonic behavior.
As shown in Fig. 5, the solid-like surface appearance of the
product for the cases of B = 0 and B = 0.3 implies a complete
reaction, while the smooth surfaces for the cases of B = 0.6 and
B = 0.9 suggest that the reduced mass transfer and hence
chemical reaction result in a certain amount of unburned liquid
propellant.

4. Non-monotonic Effect of
Parameter on Ignition Delay

Impact

The non-monotonic dependence of the ignition delay on B at
We = 60.9 and 4 = 1.6 has been adequately investigated and it
can be further confirmed by comparing the results at various
Wes and 4s. As shown in Fig.6, the non-monotonic dependence
of ignition delay on the impact parameter B can be observed.
Specifically, for collisions with We = 41.0, 4 = 1.3; We = 60.9,
A=13;We =609, 4=16;We=2830,4=16; and We =
83.0, 4 = 2.0, the ignition delay is inversely proportional to B
when B is slightly larger than 0. However, if B increases to a
value about 0.3~0.4, the stretching separation happens and the
time for ignition delay will be prolonged with increasing B.

Some interesting observations on the dependence of ignition
delay on B can be found for large size ratios. For 4 = 2.0, the
ignition delay monotonically decreases with B from 0.2 to 0.5
for We = 60.9 and from 0.4 to 0.6 for We = 41.0, as shown in
Fig. 6. It will in fact turn into being non-ignitable when the
collision becomes a head-on or grazing one. As reported by
Zhang et al.[15], the dominant exothermic liquid-phase reaction
between WFNA and TMEDA is

TMEDA + 2HNO3; — TMEDADN @)

whose overall equivalence ratio for 4 = 2.0 is as low as 0.07.
Consequently, the deficiency of heat release in the extremely
“fuel lean” reaction and the substantial heat lost to the
surrounding environment from such small droplets make the ig
nitability range of B is smaller with increasing the size ratio.
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Figure 6, Dependence of ignition delay on B with (a)We =
41.0,4=13and 2.0; (2) We=60.9, 4 =1.3, 1.6 and 2.0; and
(c) We =83.0,4 =1.6 and 2.0.

5 Conclusions

The hypergolic ignition induced by the binary collision by
WFNA and TMEDA droplets was experimentally studied. Non-
monotonic dependence of the hypergolic ignition delay on the
impact parameter effect was observed and analyzed for various
Weber number and size ratios. The ignition seems to be
suppressed at small Wes and/or large size ratios. The ignitibility
regime merits future study, particularly in consideration of heat
lost and size effect have not been adequately studied.
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