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The hypergolic ignition induced by the head-on collision of TMEDA and WFNA droplets
was experimentally investigated with emphasis on the effect of droplet size on the
ignitibility and the ignition delay time. The ignitibility regime nomogram in We — d space
indicates that the reduction of droplet size tends to suppress the hypergolic ignition. The
ignition delay time, which was precisely determined by using grayscale level analysis,
becomes shorter for smaller droplets. The seemingly conflicting size effects were resolved
by means of time scaling analysis to reveal the size dependence of the three pre-ignition
processes, which were identified as the first stage of droplet collision, deformation and
intermixing, the second stage of droplet heating from interior to surface, and the third stage

of droplet vaporization subject to heat loss by convective cooling.

1. Introduction

Hypergolic propellants are widely adopted in rocket engines to simplify the engine design, to
allow multiple restarts, and thereby to improve the maneuverability. In rocket engine combustor, the
impinging jets of the initially separated fuel and oxidizer generate numerous colliding droplets, which

subsequently undergo a series of physicochemical processes involving heat and mass transfer in both
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liquid- and gas-phase and eventually cause gas-phase ignition without requiring any external ignition
sources [1-3]. The ignition delay time (IDT) of hypergolic propellants is often defined by the lapse of
time between the initial contact of the droplets and the emergence of visible luminous kernel (often

accompanied by rapid heat release) in gas phase.

Of less toxicity and comparable specific impulse and ignition delay, N,N,N,N'-
tetramethylethylenediamine (referred to as TMEDA hereinafter) has been tested as an alternative
hypergolic fuel [4, 5], with white fuming nitric acid (referred to as WFNA hereinafter) as oxidizer, to
replace the acutely toxic and potentially carcinogenic hydrazine and its derivatives. Many experimental
methods have been developed to investigate hypergolic ignition. Being different in the extent of liquid-
phase mixing, the piston-driven rapid mixing apparatus was designed to minimize the mixing effect in
liquid phase [6, 7], the impinging jet apparatus often employs partially mixing [8, 9], and the drop test
uses a free or suspended propellant drop to impact the liquid pool of another propellant either confined
in a container or placed on a surface [10, 11]. Despite that important understandings have been obtained
through these experimental methods, they have a common deficiency that it is generally difficult to
quantify the system-dependent liquid-phase mixing owing to the unavoidable “wall effect” by the jet
nozzle or the container or the surface of the devices. Experimental method free from any “wall effect”

is evidently desirable for resembling droplet-collision-initiated hypergolic ignition in real systems.

The authors have successfully established a droplet collision apparatus [12] for hypergolic
propellants and conducted an experimental study on binary, head-on collision of free droplets of
TMEDA and WFNA, with emphasis on the effects of Weber number and size ratio on hypergolic
ignitability and IDT. It was found that the hypergolic ignition is critically dependent on the exothermal
liquid-phase reactions of TMEDA and WFNA, mainly through the proton transfer reaction, TMEDA
+ 2HNO3; — TMEDADN [13-16], whose rate is controlled by the effective liquid-phase mixing of
droplets by collision. With the help of time-resolved shadowgraph imaging, three distinct pre-ignition
stages were observed and will be briefly summarized as follows.
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Stage I is characterized by droplet collision, coalescence and deformation. Because of the
relatively low droplet temperature and short time, chemical reactions are minimal in this stage and

droplet behaviors are controlled by fluid dynamical processes such as droplet coalescence, deformation,
and oscillation. The Weber number, We = podoU 2/ 0o, and the size ratio, 4 = dO/ dp, are the

controlling non-dimensional parameters [17-19], where d is the diameter of droplet, p the liquid
density, o the surface tension coefficient, U the droplet impact velocity; the subscripts “F” and “O”

denote TMEDA and WFNA, respectively.

Stage II is characterized by droplet heating and slow vaporization (compared with Stage III).
Droplet heating is inferred by observing the blurring of droplet surface and the expansion of opaque
vapors. Because the exothermic liquid-phase reactions occur in the interior of the merged droplet
where two propellants intermingle and mix, the droplet temperature is being increased by heat transfer

from the interior to the surface, rendering that vaporization is relatively slow in the stage.

Stage III is characterized by rapid vaporization and reactions. A large amount of vapors and
gaseous species are accumulated around the droplet and to be ignited at the end of this stage. The
faster vaporization is evident in the shadowgraph images as a quickly expanded large opaque area.
The following ignition and combustion in gas phase last for a few milliseconds and leave behind

nonflammable condensed-phase products.

In order to focus on quantifying the effects of droplet collision and mixing dynamics [18-20]
on the hypergolic ignitability and IDT and to avoid dealing with many factors at one time, the previous
work of the authors deliberately limits its scope to studying the effects of We and A4 by fixing d,
=1.45mm [12]. The ignitability regime nomogram in the parameter space of We — A shows that the
hypergolic ignition favors large We (for enhanced droplet mixing which facilitates the subsequent
heating and vaporization processes) and small A (for more adequate liquid-phase reactions which

required appropriate fuel/oxidizer volume ratio). For the same reason, the IDT has an overall tendency



of decreasing with increasing We. The effects of 4 on IDT can be understood from two aspects:
increasing of A facilitates the internal mixing [21] and hence favors the ignition; increasing of 4
deviates the binary system cubically from the chemical stoichiometry of the liquid-phase reaction thus

suppresses the ignition.

In spite of the above worthy results, which reveal the controlling effects of collision dynamics
and intermixing on the hypergolic ignition of TMEDA/WFNA, the effects of droplet size (other than
those of the size ratio) were not considered, and therefore the correctness of the above results under
more general and practically useful situations merits the present study. In the previous study [12],
interesting preliminary results have been reported that no ignition was observed for smaller WFNA
droplets (dp = 0.3 mm) while other parameters retained unchanged. We hypothesized that if the
droplet sizes are too small, the liquid-phase reactions may not generate sufficient amount of heat to
vaporize the liquids. In addition, the large surface-volume ratio of smaller droplets increases the heat

loss to the environment, again slowing down the liquid vaporization.

2. Experimental setup and measurement methodology

The experimental apparatus is schematized in Fig. 1 and has been described in great detail in
our previous paper [12]. Therefore, only brief explanation is given below. The bipropellant WFNA
and TMEDA droplets were generated by two sets of independently controlled nozzles, which were
connected to well-sealed oxidizer and fuel liquid tanks and driven by ultrapure Nitrogen gas regulated
by pressure regulator. The solubility of nitrogen gas in both TMEDA and WFNA is negligible under
our experimental conditions, and therefore the pressure can be precisely regulated. Due to the strong
corrosiveness of WFNA, an in-house needle-shape nozzle made of anti-corrosion material of Teflon

(Polytetrafluoroethylene) was used to generate the WFNA droplet to move downwardly.



Compared to the WFNA droplet generator used in our previous study [12], the size of the
WEFNA droplet could be precisely controlled and varied in the present study. The droplet size herein
is primarily dependent on the diameter of the nozzle office and secondarily on the supply pressure of
the nitrogen gas. The size of the generated WFNA droplet decreases with increasing pressure of
pressurized gas and also with the generating frequency up to 30Hz. For a generated WFNA droplet,
the interference from its preceding and following droplets can be avoided by precisely adjusting the
collision frequency by means of precisely controlling the generating frequency of TMEDA droplets.
TMEDA droplets were dispensed horizontally from a custom-made micro electromagnetic valve. The
droplet size is mainly controlled by the diameter of orifice of the valve and moderately affected by the
switch on-and-off time duration and the liquid flow rate. Diameters of generated WFNA and TMEDA
droplets have an uncertainty less than 6%. The binary collision of droplets can be accurately realized
and controlled by adjusting the dispensing trajectory of TMEDA droplet through a micrometric XYZ
stage with spatial resolution of 2um and also by continuously regulating the dispensing frequency and

the signal delay.

In the present study, the size of WFNA droplets can vary from 0.9 mm to 1.5mm instead of
being fixed at 1.45mm in the previous study. Such a variation of WFNA droplet size was found to be
sufficiently large to produce distinct phenomena to be presented and analyzed in the following sections,
while it is sufficiently small to rule out the possible influence of Ohnesorge number, Oh = u,/
\/W, a dimensionless measure of droplet viscosity (u). It is recognized that the fluid-dynamic
influence of viscosity on the droplet coalescence and mixing and in turn the hypergolic ignition is not
negligible [12]. However, Oh is substantially small as being of 0(10 ~3) in the present problem and

varies too slightly (by less than 30%) to cause any significant difference.
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Fig. 1. Schematic of the experimental apparatus for hypergolic ignition by binary collision of TMEDA and
WFNA droplets.

High speed camera, Phantom V711, was employed to record the temporally resolved
shadowgraph images with imaging speed of 5000 frames per second and exposure time of Sus. The
diameters and relative velocity of WFNA and TMEDA droplets are determined from the shadowgraph
images by using the MATLAB software. The uncertainties of droplet diameter are less than 7% and
those of velocity are about 3%~8%. As shown in Fig. 1, the uncertainty of droplet trajectories from
head-on collision is measured by the impact parameter, B = X/L < 0.1, where x is the projection of the

separation distance L between the droplet centers in the normal direction to the relative velocity.

3. Phenomenological description of hypergolic ignition

Figure 2 shows the time-resolved shadowgraph images of the hypergolic ignition induced by
binary collision of droplets for various dy = 1.3mm, 1.1mm and 0.9mm. In the three cases, We = 61
and A = 1.5 are fixed so that comparison can be made with the representative case described in detail

in the previous study [12], where We and 4 are the same but dy = 1.45 mm. It is noted that different



reference lengths were employed in the images for a clear presentation of the entire processes, which

spatially expand from 0(10 1) mm to 0(10) mm. In spite of the size variation, the three pre-ignition

stages summarized in the Introduction can still be observed:

In Stage I, the two droplets collide and deform with clear droplet surfaces that are similar to
those exhibited in collision of nonreactive droplets [19]. Moreover, the time duration is almost the
same for Stage I, which ends at near 5.0 ms for all three cases. This implies that the dynamics of droplet
collision and mixing in Stage I follows the fluid dynamic similarity, and droplet sizes enter the problem

through the non-dimensional parameters such as We and A.

In Stage II, as the merged droplet being heated up by the exothermic liquid-phase reactions,
opaque vapor is emitted outwardly from the droplet surface, which is gradually concealed, as shown

from 6.0ms to 18.0ms in Fig. 2(a). An interesting observation is that, for the case of dp= 0.9mm shown
in Fig. 2(c), the droplet surface has already been mostly blurred at 9.0ms, which is earlier than the
12ms for the case of dp = 1.1mm in Fig. 2(b) and earlier than the 18ms for the case of dp = 1.3mm in
Fig. 2(a). This indicates that decreasing the size results in shorter Stage I, probably because the smaller

droplet is more readily heated up.
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Fig. 2. Shadowgraph images of the hypergolic ignition by droplet collision at We =61 and A = 1.5. WFNA
droplet diameter dg is (a) 1.3mm, (b) 1.1mm, and (¢) 0.9mm.



In Stage III, the droplet vaporization becomes significantly faster for all the three cases.
Compared with those in Stage I, the shadowgraph images in Stage III must be zoomed out by about
three times to show the entire process. The size effect on the duration of the stage is not evident but
the eventual ignition, characterized by the emergence of luminous flame kernel, occurs at 27.6 ms for
the case of dp = 1.1mm, being earlier than that for the case of dy = 1.3mm. In addition, the ignition

does not occur for the case of dy = 0.9mm, showing that the small reduction of the droplet size by

30% is enough to bring the system from ignitability to non-ignitability.

4. Limiting phenomena of hypergolic ignition with various droplet sizes
Comprehensive parametric study was conducted over wide ranges of We from 20 to 100 and
of dp from 0.9mm to 1.5mm, for 4 being 1.3 and 1.5. A regime nomogram for hypergolic ignitability

in We - d space is shown in Fig. 3.

For A =1.3, a fitted curve divides the We - d, parameter space into two regimes with the
ignitable regime being above the curve and the non-ignitable regime below. According to the
nomogram, it is evident that the ignition favors higher We as the size d, decreases, implying that
reducing the droplet size tends to suppress the ignition and therefore a larger We is required to promote
the intermixing and reactions between the fuel and oxidizer droplets. For A4 = 1.5, the same
observations can be made to the size effect on the ignitability. At the larger size ratio, the non-ignitable

regime is slightly extended to higher We, which is consistent with the previous results [12].
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Fig. 3. Ignitability regime nomogram in We — dy parameter space for 4 = 1.3 and 4 = 1.5.

5. Size effect on hypergolic ignition delay
5.1. Precise Determination of IDT by grayscale analysis

To accurately determine the ignition delay time, a method based on the analysis of grayscale
levels on the shadowgraph images, which has already been employed and verified in our previous

study [12], is adopted and briefly summarized as follows.

The grayscale in a shadowgraph image can be divided into 256 levels denoted by G, in which
G = 0 corresponds to the pixels representing completely opaque area and G = 255 to the completely
bright. Following the same criterion adopted in our previous study [12], the grayscale of the image
background is defined by G = 100, the luminous ignition kernel by G > Gy;gp, = 250, and the opaque
vapors by G < Gjo = 5. The total number of pixels on a shadowgraph image is counted as N, that of
the luminous kernel as Ny, and that of the opaque vapors as N . Therefore, the ignition occurrence is
identified by an abrupt rise of N /N with time, as shown in Fig. 4. As an example, the IDT for the case
(a) in Fig. 2 can be unambiguously determined as 29.0ms, when N,/N starts to rapidly rise while N,
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/N starts to suddenly drop. The grayscale analysis method has been verified to be insensitive to the
threshold values differentiating the dark and bright regions from the background. Specifically, for

different pairs of threshold values, (Gyigh,Giow), Such as (245, 10) and (235, 20), the uncertainty in

quantifying the IDT is less than 0.2ms [12].

It should be noted that, in case (a) Fig.2, the droplet is completely covered by the dark vapors
when vaporization takes place, such as 17ms, which prevents direct observation to the droplet. The
abrupt increase of dark area in our gray-scale analysis actually refers to the rapid accumulation of the
gas-phase reactants, which should not be misunderstood as the droplet size increase, or the pressure

and temperature rise as appears in other ignition events such as those in shock tubes.
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Fig. 4. Precise determination of IDT by grayscale level analysis for the case (a) in Fig. 2.
5.2. Decrease of IDT with droplet size reduction
Figure 5 shows the variation of IDT with We at A = 1.3 and 1.5 and for various d. Consistent

with the previous findings [12], the IDT generally tends to decrease with increasing We, because of

the mixing enhancement of TMEDA and WFNA within the merged droplet.

11



40 60 80 100
We

Fig. 5. Variation of IDT (in ms) with We at 4 = 1.3 and 4 = 1.5 and for various dg of 1.0mm, 1.1mm,
1.2mm, 1.3mm and 1.5mm.

As shown in Fig. 5, at a first glance, the shrinking of the droplet size tends to reduce the IDT
as indicated by the falling of the curves characterizing dependence of IDT upon We as decreasing d.
Nevertheless, it should be recalled that the ignition cannot be achieved for the case of 4 = 1.5 with dg
= 1.0 mm, verifying that the reduction of droplet size tends to suppress the ignition as indicated in the
regime diagram of Fig. 4. It is recognized that the above seemingly conflicting size effects on the
ignition delay time and the ignitability are caused by using dimensional times (in millisecond), which
may distort the correct physical pictures of flow similarity. The various pre-ignition processes occur
on different time scales, as have been described in Section 3, and consequently their dependence on
the droplet size are controlled by different physicochemical laws. In the following section, we shall

conduct a time scale analysis to the pre-ignition processes to resolve the size effects.

6. Time scaling analysis of intermixing, heating and vaporization stages.

6.1. Characteristic time scales of intermixing, heating and vaporization stages
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As discussed in Section 3, Stage I is dominated by the fluid dynamic processes of droplet
collision, deformation and intermixing. As shown in Figure 2, there is little gas-phase reactant
evaporated from the droplet surface, so we can infer that the thermal and chemical processes, such as
heat generation due to liquid phase chemical reaction and heat conduction within the droplet, are

negligible in the collision stage. The characteristic time scale for Stage I, denoted by 7; or Timpacr, can

be formally written as a function of the controlling flow similarity parameters, such as We and 4 in

the present problem,

T/ = Timpact = f(We, A) (1)
It is seen that t; is the same for a given set of these non-dimensional parameters, through which d,

exerts its influence.

In stage II, the internal motion within tends to slow down because the droplet collision and the
followed droplet oscillations usually last for a couple of milliseconds [21]. The chemical heat release
due to liquid-phase reactions and the heat conduction from the droplet interior to the droplet surface
become significant. This can be inferred from Figure 2 that there is a considerable amount of
evaporated gas-phase reactant during stage II. We assume that the liquid-phase chemical reaction is
much faster than the heat conduction so that the latter process plays the controlling role. The relevant
physical properties for scaling analysis should be the liquid thermal conductivity, A;, the liquid density

pi, the constant-volume heat capacity c,,;, and the diameter of the droplet d, in terms of which we can

write a time scale in the form of

d2

0

T = Theating ~ Al/p c (2)
vl

which can be interpreted as the time scale of heating, i.e. the time lapse from the heat transport from

the inside to the surface of the merged droplet.

For hypergolic fuels, the characteristic time scale for chemical reaction tends to be much more
rapid than those interpreting the transport processes, such as mass diffusion and heat conduction.

Hence, the ignition of hypergolic fuel takes place spontaneously when they were brought into contact
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by various transport processes. Therefore, the time duration for the heating stage is determined by the
heat conduction properties of the droplet, i.e. the heat release from liquid-phase reaction does not

appear in the expression of ¢, .. g in Eq. (2).

As the heating has raised the droplet temperature to sufficiently high levels, a significant
vaporization takes places over the surface of the droplet in stage III, which is responsible for the
majority of the accumulation of the fuel and oxidizer vapor to be mixed and ignited. Stage III is
characterized by a considerable regression of the droplet surface, which implies that droplet cooling
must be considered as a result of the convective heat loss to the cold ambience as increasing the

surface-volume ratio.

A precise calculation of the vaporization time-scale t;;; requires solving the complete energy

equation of the droplet with convective heat loss being properly considered, but this is beyond the
scope of the present study. Alternatively, we adopt an approximate approach. First, we considered an
ideal situation in which the cooling effect was completely absent, so the time scale for the steady

vaporization of the droplet can be obtained from the well known g2-Law,

2 A
dO/Tvaporization~( g/,Dle,g)]n (1 + Bh,v) (3)
where A, is the thermal conductivity and ¢, 4 the constant-pressure heat capacity of the gas-phase

products. In the present experiment, the vaporization on the droplet surface is sustained by the heat
release resulting from the liquid-phase reaction inside the droplet, which creates a temperature
difference between the interior and the surface of the droplet. Consequently, B, = ¢, (Tinternai—Ts) /

qy 1s the variant of heat transfer number, where ¢, is the latent heat of vaporization; T;,,.,...; 1S the

internal temperature of the droplet, which is affected by the heat release of liquid-phase reaction; and

T, is the surface temperature of the droplet.
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Note that if we change the present TMEDA/WFNA system to other propellant pair and/or the

surrounding temperature, B py Can be moderately changed. However, the logarithmic function
In (1 + By,) of By, tends to considerably alleviate that change and dose not significantly influence

the scaling relation between the vaporization time and the droplet diameter.

Recognizing that the heat loss increases with the surface-volume ratio, we estimated the time

scale characterizing the cooling process, denoted by Tcooling, in the form of [22]

o CpgPg  “pgPg 1 @
cooling (S/V)h 619 Nu 0

where p, is the density of the gas phase, S|V ~ 6/ d the surface-volume ratio of the droplet, and h the
phenomenological convection heat transfer coefficient, which is related to the Nusselt number through

h=N uAg/ do. By approximating the droplet as a sphere, the Nusselt number is related to the Reynolds

number, Re = ngldO/ g, by Nu ~ Re'2 [22], where U refers to the velocity of the merged droplet

in the gas phase, u,4 the dynamic viscosity of the gas phase.

The cooling time scale, Teooling, should be longer than that of vaporization, Tyaporizations

otherwise the vaporization process would be substantially suppressed or even terminated due to
sufficiently strong cooling of the droplet. Furthermore, the time scale of vaporization with cooling,

7111, must be larger than that of the vaporization without cooling, Tyaporization, b€cause the presence of

cooling tends to elongate the actual time scale of the vaporization process. Therefore, we

hypothetically interpret the actual vaporization time scale as a proper average of Tcyoling and
Tyaporization 1N above considered limiting cases. We adopted the weighted power mean, which can be

regarded as the generalized geometric mean, to formally specify the actual time scale as

— 1-
Tyaporization - cooling = TvaporizgtionTcoo%ng (5)
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where p is regarded as a fitting parameter, with magnitude in the range [0,1], and its precise value can
be determined by fitting the experimental results. Evidently, the actual vaporization time scale
specified by Eq. (5) satisfies the physical consideration that Tyaporization - cooling > Tvaporization- 1t 18
noted that the weighted-power mean may not be the only choice for the scaling relation. In fact, linear
relations ;1 = ¢1Tyaporization + €2Tcoolings Where ¢q and ¢, are constants, may be also viable. The exact
functional relation cannot be determined in the framework of scaling analysis, while the weighted-

power-mean gives us considerable mathematical convenience in the following analysis.
Substituting Equ. (3) and Equ. (4) into Equ. (5), we obtained

Cp,gpll_ppg 1
6P, NuP

dj (6)

Tyvaporization - cooling ™~
Recalling the Frossling relation of the Nusselt number, which is approximately written as

Nu =2 + 0.5Re/? (7)
since the cubit root of Prandtl number can be assumed as unity with sufficient accuracy for the present
scaling analysis. Substituting Equ. (7) in Equ. (6), we have

1 1 1(4"’

p/z\1 + Rel2 (8)

Nw (24 0.5Re"2)"  0.57(Re)
Because p < 1 and Re~0(100) the bracket term on the right-hand side of (8) is close to unity and we

arrived at

Cp,gpl1 B pPZ 1 2
Tyaporization - cooling ~ 6P » p/de (9)
g 0.5P(Re)

Substituting the definition of Reynolds number Re = pgung/ g into Equ. (9), we finally have

1-p,.P/2,Dp/2
CpgPl Pgtyg . _y
~ dZ D/2 (10)
Tvaporization - cooling p /2 0
3PAgu g
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In terms of which, we can evaluate the surface regression rate K, of the droplet, characterizing the

vaporization process,

d? 3P U2
K, ~ ~ . (11)

Tvaporization - cooling Cp gpll - pppgzﬂpgz

6.2. Size effects during intermixing, heating and vaporization stages.

As discussed in Section 4, the number of pixels with G < Gjoy», Ny, can be approximately

regarded as the occupied area of the vapor. Consequently, the volume occupied by the vapor can be

. . 3/2
estimated by aNN36/12, where ay characterizes the geometry effect, and (N d/N) can be used to

approximately measure the total volume of the accumulated vapor around the merged droplets as the

result of vaporization.

To elucidate the size effects on the time scales of the pre-ignition processes and accordingly
on the IDTs, we reanalyzed the three representative cases (presented in Fig. 2) at We=61and 4 = 1.5
for different dy by using the results from the above time scaling analysis. As seen in Fig. 6(a), if the
physical time scale is adopted, the time lapses of Stage I for different droplet sizes are almost the same,
as have been discussed in Section 3. The size effect in Stage I is through the flow similarity parameters,
such as We and A, which are fixed for the three cases. The obvious deviations of the three cases in

Stages II and III can be understood by that the physical time scales change with the droplet sizes.
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Fig. 6. Size effects on the time scales of the pre-ignition processes at We = 61 and 4 = 1.5 for various dy of
1.1 mm, 1.3mm and 1.5mm.

3
In Stage 11, (N d/N ) 2 has a slight increase for all the three cases, as shown in Fig. 6 (a), because

the heat generated by the liquid-phase reaction is being transferred to the surface, where the
temperature is not sufficiently high for vaporization. It is seen that the time lapse of Stage II is shorter
for the smaller droplet, which can be hypothetically contributed to the shorter characteristic time for
heating, as indicated 7;;~d3 in Eq. (2). To verify this hypothesis, we replotted Stage II in Fig. 6(b) by
using scaled time, t/ d}, according to Eq. (2). As we anticipated, all the curves corresponding to

different droplet sizes almost collapse into one curve, substantiating the correctness of the time scaling

estimation.
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3
In Stage III, (N d/N) /2 has a sudden increase due to rapid vaporization, which is characterized

by a large slope of the curves in the physical time, as shown in Fig. 6(a). The accumulation rate of the

gaseous reactant can be evaluated in terms of the surface regression rate, i.e.

dmg
¢ ~ Krdo (12)

substituting Equ. (12) into which, one obtains the dependence of dmg/dt on the droplet size, i.e.

P p/2
dmg ~ 3 Agu 9 dl +P/2 (13)
dt /2, p/2

cpght' POV’

Nevertheless, it should be noted that 7;;; characterizes the total time lapse for the complete vaporization
of the droplet into gas-phase, while the ignition in gas phase actually depends upon the mass of the
evaporated gas phase reactant. Thus, according to Equ. (13), we can formally derive the time elapse

by accumulating unit mass of gaseous phase reactant as

1-p,0/2,P/2
dt Cp,gpl ppgﬂg d—l—P/Z (14)
~ 0
dmy SPAgupgz

Therefore, the time scale characterizing the accumulation of unit mass of gaseous phase reactant should

be specified as

1-p,P/2,P/2
o~ Ccp,gpl p‘gﬂgd—l—p/z 15
Taccumulation ~ Mg p /2 0 ( )
3PAqu g

where mg should be regarded as some characteristic unit mass (per gram, or milligram, etc.) of the
concerned gaseous phase reactant. According to Equ. (15), the time scale for accumulating unit mass
of gaseous phase reactant becomes larger as decreasing the diameter of the droplet, thus retarding, or

even eliminating the ignition in gas-phase.

To close the scaling analysis, we should specify the fitting parameter p. As an example, we
tested our analysis by choosing p = 1/2 and compared with the experimental data. The results in Fig.
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6 indicates that our scaling analysis is able to interpret the experimental observations. It should be
noted that our analysis is not restricted to p = 1/2, which happens to estimate the vaporization time

scale with cooling Tyaporization - cooling 1 terms of geometric average of Tyaporization @14 Teooling:

Based on the above discussion, we can conclude the size effects on the IDTs by examining and
comparing the effects on each pre-ignition process. First, the time duration of Stage I is determined by
the non-dimensional collision parameters, We and 4, through which the droplet sizes affect the entire
hypergolic processes. Second, the time duration of Stage II is additionally affected by the physics of

droplet heating, which give rise to a size-dependent time scale, 7;;~d3, to the problem. For smaller

droplets, the reduced droplet heating time tends to cause a shorter IDT. Third, the time duration of

Stage 111 is controlled by the droplet vaporization accompanied by heat loss due to convective cooling,
whose time scale is a weaker function of the droplet size, T,ccumulation~@ _3/ * For smaller droplets,

the decreased vaporization rate results in a prolonged vaporization stage, and hence tends to cause a

larger IDT. Consequently, with fixed We and A4, decreasing dy would cause a substantially shorter

Stage II and moderately longer Stage II1, which combined to result in a shorter IDT. However, further

decreasing d, to sufficiently small value would significantly increase the heat loss in Stage III, which

results in insufficiently accumulated vapor in gas phase, leading to non-ignition.

7. Concluding Remarks

Droplet size effects on the hypergolic ignition by head-on collision of TMEDA and WFNA
droplets was experimentally studied and theoretically analyzed. The hypergolic ignitability of the

system is characterized by a regime nomogram in the We — d,y parameter space, indicating that

decreasing the droplet size (dy) seems to suppress the ignition so that a larger We or a smaller 4 or
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both together is favored for ignition. However, the experimentally observed ignition delay time at fixed

We and A decreases with the droplet size, seemingly implying an opposite size effect on the ignition.

Time scaling analysis to the three pre-ignition stages reveals that the first stage of droplet
collision does not attribute to the observed size effects because it is dominantly affected by We and 4;
the second stage of droplet heating is quadratically shortened by reducing the droplet size,

consequently causing a shorter ignition delay; the third stage of droplet vaporization with heat loss is
prolonged by reducing the droplet size though a scaling of d '3/ *if d, is not too small to cause non-

ignition by the substantially increased heat lost.

Applying the present understanding into the real engine systems merits future work, such as to
precisely identify the actual distribution of droplet sizes and the range of collision parameters. In real
rocket engines, droplet collisions with high Weber numbers (beyond We=20-100 considered in the
present study) may take place. These collisions lead to droplet shattering, produce satellite droplets of
much smaller sizes, and therefore reduce the Weber numbers of subsequent collisions into the range

that the present study concerns.
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