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Abstract

In film cooling approaches, a film of liquid fuel is formed on the chamber wall of bipropellant thrusters to protect
the chamber wall from high-temperature combustion gases. To optimize the amount of liquid fuel required to
sufficiently cool a chamber wall in this manner without degrading the performance of bipropellant thrusters, the
formation process of the liquid film needs to be understood. To this end, in this study, factors affecting the spread
of liquid film were experimentally investigated. In particular, experimental apparatus that could reproduce the
state of a liquid jet being injected onto a wall to form a liquid film was developed. Water was used as the test
liquid because hydrazine-derivative fuels, which are generally used in bipropellant thrusters, are toxic, and the
density and surface tension of water are similar to those of hydrazine. The liquid film formation processes were
visualized and analyzed by using a still camera. Results indicated that the liquid jet velocity, nozzle diameter,
and impingement angle were the key factors affecting the film width, and the maximum film width exhibited a
linear relation to the liquid jet velocity component perpendicular to the wall. Considering these results, a general
relationship between the key factors and maximum film width was identified, and it was noted that the
dimensionless maximum film width could be defined as the product of the Weber number and sine value of the
impingement angle. In this manner, the maximum film width can be predicted when deciding injection
conditions, which can assist thruster designers during the design process.

Keywords : Bipropellant thruster, Liquid film cooling, Visualization, Film spread, Weber number

1. Introduction

Bipropellant thrusters, which are used for the attitude control and orbit maneuvering of satellites and small spacecraft,
are operated using both steady-state and pulse-mode firing with firing times ranging from O(10) ms to O(1) s. In such
thrusters, a combination of a hydrazine-derivative fuel (e.g. hydrazine (N,H4), monomethylhydrazine (MMH and
CH3;NHNH3), unsymmetrical dimethylhydrazine (UDMH and (CH3),NNH>)), and nitrogen tetroxide (NTO) is employed
as a propellant. These combinations of fuels and oxidizer are hypergolic (Sutton and Biblarz, 2016; Davis and Yilmaz,
2014), which means that they ignite immediately after contacting each other without ignition devices, even at low
pressures and temperatures (Webber and Hoffman, 1972; Tihara et al., 1987; Matsuura et al., 2013). To exploit the
hypergolicity condition, unlike-impingement type injectors are generally employed in bipropellant thrusters (Sutton and
Biblarz, 2016). The injector and chamber are carefully designed to achieve a high performance in the steady-state mode
and fast ignition response in the pulse mode. However, the development of thrusters primarily relies on the conduction
of multiple cost- and time-intensive tests, as numerical models of the multi-physics phenomena occurring in the
combustion chamber remain insufficient in terms of the in-depth understanding of such phenomena.

In particular, hypergolic combustion via impinging jet involves the following phenomena: impinging atomization
and spray formation (Webber and Hoffman, 1972), liquid phase reaction near the impingement point (Iihara et al., 1987),
droplet burning (Matsuura et al., 2013; Chen et al., 2012) and gas phase reactions (Dambach et al., 2013; Lawver, 1966;
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Lawver and Breen, 1967). Owing to the high temperature of the combustion gases, it is necessary to protect the chamber
wall from the core flow. Therefore, bipropellant thrusters generally employ a film cooling technique (Daimon et al.,
2017), in which a part of the fuel is injected onto the combustion chamber wall to form a liquid film to prevent the wall
surface from being exposed to the high-temperature combustion gases. Figure 1 shows a schematic of liquid film cooling
performed using liquid fuel. It can be noted that the generated film heats up and evaporates because of the combustion
gas and heat input from the combustion chamber wall. As the evaporated film reacts with the gashouse oxidizer in the
mainstream and influences the combustion efficiency and thrust performance, it is necessary to optimize the amount of
fuel used for film cooling to achieve sufficient cooling and maintain a high performance.

Liquid film cooling in the combustion chambers of rocket engines has been investigated. Stechman et al. (1969)
suggested analytical models for film cooling and proposed a formula to predict the film cooling length of the liquid phase.
The convective heat transfer from the main stream to the liquid film and the heat loss through the chamber wall were
considered using a modification of the Bartz equation (Bartz, 1957) to calculate the turbulent heat transfer coefficient.
Recently, Shine et al. (2012) examined the prediction of the liquid film length via theoretical analyses and developed a
one-dimensional analytical model incorporating all the known phenomena for liquid film cooling in a rocket combustion
chamber operating in the subcritical state. It is necessary to calculate the liquid film length to predict the temperature
distribution of the chamber walls. However, the spatial distribution of the liquid film cannot be considered using the one-
dimensional model. In film cooling processes, the heat inputs from the combustion gases and chamber wall are
transformed into sensible heat and latent heat. Consequently, the cooling characteristics are affected by the wetting area,
that is, the width, length, and thickness of the film.

In addition, several researchers have attempted to determine the spatial distribution of a liquid film under non-heat
input conditions. Morison and Thorpe (2002) provided experimental data for the wetting of a surface by a liquid jet of
water and various aqueous solutions. Wilson et al. (2012) developed a model of liquid films, taking into account the mass
flow rate, viscosity, surface tension, contact angle, density, and gravity. This model could be used to predict the wetted
width and radius of hydraulic jump, which occurs when the momentum of the radially outward flow is balanced by
surface tension, and the results were noted to be in good agreement with the experimental data reported by Morison and
Thorpe (2002). These studies focused on the film formed by a single jet vertically impinging on a surface. Wang et al.
(2013) investigated the flow patterns by changing the impingement angle and modified Wilson’s model to include the
effect of the impingement angle. Good and Nollet (2017) investigated the fluid film distribution for conditions involving
an extremely low flow rate (< 7 g/s), small nozzle diameter (<2 mm), and small impingement angle (< 25°), and observed
that a linear relationships existed between the maximum film width and fluid velocity. However, the spatial distribution
of a liquid film under such conditions in the range of the operating conditions of actual bipropellant thrusters remains
unclear.

Moreover, the fuel used for film cooling is injected from the outermost injection holes of the face plate, as shown in
Fig. 2, with the design parameters including the interval between the injection holes, nozzle diameter, impingement angle,
and distance from the face plate to the plate (i.e. liquid jet length). Therefore, it is important to predict the film width
with respect to the injection conditions when deciding these parameters. However, the design of the face plate is
determined based on the results obtained by performing many experimental tests, which requires a large amount of cost
and time in the development stage. Therefore, it is desirable to realize the design process on the basis of understanding
the physical phenomena.

Consequently, in this study, to understand the formation processes of a liquid film, experiments were conducted
under conditions involving a low flow rate, small nozzle diameter, and small impingement angle, with values similar to
the design values of the face plate used in bipropellant thrusters. In addition, the effect of the liquid jet length on the film
width was investigated, and an experimental analysis pertaining to the spread of liquid film was performed.

2. Experimental apparatus

In actual bipropellant thrusters, the liquid films injected from multiple injection holes may interfere among one
another. However, in this study, the liquid film formed by a single liquid jet was considered to understand the film
formation process in detail. An experimental apparatus that could stimulate the method of film formation from a single
hole was developed, as shown in Fig. 3. The experimental apparatus consisted of an injector part imitating a single
injection hole, a metal plate simulating the chamber wall, an imaging system, and a liquid supply system.
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Fig. 3 Schematic of the experimental apparatus.
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In the injector part, straight type nozzles with different diameters could be employed to evaluate the effect of the
nozzle diameter on the film formation. Nozzle diameter of 0.7 mm and 1.12 mm were considered, which lie in the design
range of the actual face plate. The state of the edge of the nozzle exit was that the pipe was only cut, and the radial
thickness of both nozzles was 0.18 mm. The injector part was set on a three-axis traverse system and a goniometer stage
to investigate the effects of the liquid jet length (i.e., the distance between the nozzle and impingement point) and
impingement angle on the film formation. The liquid jet length and impingement angle could be adjusted within the
design range. On the three-axis traverse system, the injector part could be moved + 6.5 mm and + 5 mm on the XY and
Z axes, respectively, with a least count of 0.01 mm. The dimensionless liquid jet length, that is, the ratio of the liquid jet
length to the nozzle diameter was set as 6, 8, 10, and 20. Although the value of 20 was beyond the design range, the test
was conducted to investigate the effect of the liquid jet length in detail. The goniometer could be adjusted in the angle
range of = 20°, and the least count was 0.1°. The impingement angle was varied from 10° to 25° in increments of 5°.

Water was used as the test liquid instead of liquid fuels, as hydrazine-derivative fuels are toxic, and the density and
surface tension of water are similar to those of hydrazine, which make water a suitable test liquid to investigate the film
spread phenomenon. In the experiments, water was pressurized by air in the test liquid tank, as shown in Fig. 3, and
injected from the nozzle. The mass flow rate was varied from 3.0 g/s to 6.0 g/s in increments of 1.0 g/s by using a mass
flow mater with a needle valve. A flat plate of stainless steel was used to imitate the chamber wall because the area where
a liquid film was formed with respect to the circumference of combustion chamber wall was small. The surface of the
plate was polished with #400 buffing. The experimental conditions are listed in Table 1. The behavior of the film
spreading was observed by using a camera (Baumer VCGX-124M) to perform imaging from the top of the plate. A bright
metal halide lamp (Sumita optical glass LS-350) was selected as a light source. The resolution and exposure time were
31 um/pixel and 20 ms, respectively. Figure 4 shows an example of the film image recorded using the imaging system.
Specifically, using this imaging system, the state in which a liquid jet impinges to the wall obliquely and forms a liquid
film could be observed. The distance from the impingement point was defined as =z, and the half film width at each x
was w/2. The maximum half film width at each condition was defined as (w/2) The half film width value was
considered because the light irradiated obliquely from above, and the film width could be measured accurately by taking

max*

into account the brightness of the outer edge of the film on the light source side. Furthermore, the film shape was
symmetric, as shown in Fig. 4, and only the half value of the film width was thus required to be considered.

Table 1 Experimental conditions.

Mass flow rate, m [g/s] 3.0,4.0,5.0,6.0
Nozzle diameter, D [mm] 0.7, 1.12
Dimensionless length of liquid jet, L/D [ -] 6,8, 10, 20
Impingement angle, 0 [°] 10, 15, 20, 25
Nozzle Tip

Impingement Point ( x=0 )

Fig. 4 Direct image of film and defined values.
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3. Results and discussion
3.1 Formation process of liquid film

In particular, a liquid film spreads owing to the momentum in the direction of spread immediately after the liquid jet
impinges onto the wall, and subsequently, the film shrinks because of the surface tension. The shape of the film is a result
of the balance between the inertia of the liquid film and surface tension.

When a liquid jet is injected from a nozzle to stationary air, the unstable waves on the surface of the liquid jet grow
owing to the interfacial instability, and a breakup of the liquid jet occurs. It is likely that the growth of the unstable waves
before impingement of the liquid jet onto the wall affects the film formation. Therefore, the effect of L/D on the film
formation was investigated, where L and D represent the liquid jet length and nozzle diameter, respectively. The
impingement angle was fixed as 10°, and the nozzle diameter was set as 0.7 mm and 1.12 mm to investigate the effect of
the nozzle diameter. Figure 5 shows the direct images of the film at each L/D condition with D = 0.7 mm. As the
value of L/D increased, droplets were noted to form around the impingement point. These droplets were thought to be
a desecrated from the liquid jet surface owing to the instability on the liquid surface. The deformation on the surface of
the liquid jet increased with an increase in the distance to the impingement point (). However, the film shape did not
significantly change with a change in the L/D value. Figures 6 and 7 show the values of w/2 at each z for each
L/D value under the conditions of D =0.7 mm and 1.12 mm. No significant difference in the film width was observed.
The breakup length of the inviscid liquid jet, L, can be expressed as in Eq. (1) (Strutt and Rayleigh, 1878; Weber, 1931).

% — 1.04Cv/We )

The Weber number can be expressed as follows.

_p’D

g

We 2

where V;), p and o denote the liquid jet velocity, the density and surface tension coefficient of the liquid, respectively.
The value of V, was obtained by dividing each mass flow rate by the density and cross-sectional area of the liquid jet.
In Eq. (1), C indicates the disturbance factor, and a value of C' = 13 was used in the case of low-viscosity liquid jets,
according to Grant and Middleman (1966). Because the experimental conditions in this work involved We = 143 to
2438, the breakup length of the liquid jet was calculated as L, /D > 162 by using Eq. (1). The tests were conducted

(@) L/D =6 (b) L/D =8 (© LD =10 ) L/D =20

Fig. 5 Effect of liquid jet length on the film spread under a nozzle diameter of 0.7 mm.
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Fig. 7 Effect of liquid jet length on film width at D =1.12 mm

with L/D ranging from 6 to 20, and the growth of the instability on the surface of the liquid jet was considered to be
small. Furthermore, the transition Reynolds number of a pipe flow is well known as approximately 2300. In the
experimental conditions in this work, Re = 3387 to 10839; therefore, the liquid jets were likely turbulent flows.
Consequently, the value of L/D in this study was compared with the breakup length of the liquid jet in the turbulence
region. According to Grant and Middleman (1966), the breakup length of the liquid jet under a turbulent region was
expressed as in Eq. (3).

L .
3‘) = 8.51(v/We)"64 3)

Using Eq. (3), it was calculated that L, /D > 41. Therefore, it was considered that the growth of the instability of the
liquid jet was small, and the film formation was not affected even if the liquid jet transitioned to the turbulent region.
These results indicated that the liquid jet length did not affect the film formation when the value of L/D was within the
range of the considered experimental conditions and the design range of actual thrusters.

Figure 8 shows the images of the films formed under different conditions of the mass flow rate and nozzle diameter,
with the impingement angle fixed as 10°. As shown in Figs. 8 (a) and (b) (or (c) and (d)), the width and length of the
film, which was defined as the distance from the impingement point to the point where the liquid film shrank to the width
at impingement point, increased with an increase in the mass flow rate because the liquid jet velocity increased with the
mass flow rate. In addition, comparing Figs. 8 (a) and (c) (or (b) and (d)), no significant difference was noted between

[DOI: 10.1299/jtst.2021jtst0008] © 2021 The Japan Society of Mechanical Engineers
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the film width pertaining to D = 0.7 mm and 1.12 mm. Furthermore, the length of the film in the case of D =0.7 mm
was larger than that when D = 1.12 mm under the same mass flow conditions, especially for the lower mass flow rates,
because the liquid jet velocity of D = 0.7 mm was higher than that for D = 1.12 mm under the same conditions of the
mass flow rate.

Figure 9 shows the relationship between Vj,, and (w/2),,,, under each nozzle diameter condition. The mass flow
rate was set as 3.0, 4.0, 5.0, and 6.0 g/s. The results shown in Fig. 9 correspond to the average values of (w/2),,..
obtained by testing three times for each mass flow rate condition. It was noted that (w/2),,,, increased with an increase
in Vj. In addition, a linear relationship existed between V; and (w/2),.. at each nozzle diameter condition, as
reported by Good and Nollet (2017), although the slope differed depending on the nozzle diameter. This finding suggested
that the nozzle diameter was a critical factor that affected the spread of a liquid film.

S mm
(a) D =0.7 mm (b) D =0.7mm (¢) D =1.12mm (d) D =1.12mm
and m =3.0g/s and m =6.0 g/s and m =3.0g/s and m =6.0g/s

Fig. 6 Film spreading under different conditions of mass flow rate and nozzle diameter.
The impingement points were on the upper broken line, and two direction arrows indicated the length

of the film under each condition.

v =0.8586x+ 1.6381 y=0.3484x + 1.6353
R? =0.9985 RZ=10.9982

3 b e D=1.12 mm
e D=0.7 mm

(u"/z)lu;!x (]TI[T])

0 1 1 1 1 1 L 1
0 2 4 6 8 10 12 14 16 18

‘o (M/s)

Fig. 7 Effect of nozzle diameter on the maximum film width.
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Figure 10 shows the images of the film recorded at each impingement angle condition. The nozzle diameter was 1.12
mm, and the mass flow rate was set as 5.0 g/s. It can be noted from Fig. 11, which shows the relationship between V,
and (W/2)nax under each condition of the nozzle diameter and mass flow rate, that the film width increased as the
impingement angle increased. Furthermore, the parameters exhibited a linear relationship under all the impingement
angle conditions. However, the film length downstream decreased as the impingement angle increased, as shown in Fig
10. These findings pertaining to the width and length of the film indicated that the component of the liquid jet velocity
perpendicular to the wall (i.e., V[sinf, where 6 is the impingement angle, as shown in Fig. 3) contributed to the film
width, and the horizontal component (i.e., V},cosf) contributed to the length. Figure 12 shows the relationship between
Vysind and (w/2),,.,- Under each nozzle condition, the results under different angles shown in Fig. 11 corresponded to
those pertaining to V[ siné, and linear relationships between Vjsiné and (w/2),,, were observed under each
condition of the nozzle diameter.

3.2 Film width characterization

To identify the relationship between (w/2),.. and the key factors under various conditions, the dominant
parameters influencing the film width were examined, and it was noted that Vj;sinf and D influenced the film width.

RBAEFHHRY LS b

(b) 0 =15° (c) 0 =20° (d) 6 =25°
Fig. 8 Effect of impingement angle on the film spread.
14 r 12
A L ]
12 F ° 10 “ .
10 A o o @
g A g 8 it *
g " e ° ° g o e o°
= 8 r A A, ° ° = '
g A, ° ° Z 6 Al . g~L2[ 07mm | 1.12mm
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Fig. 11 Effect of impingement angle on the maximum film

width.
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As a linear relationship was noted between V;siné and (w/2),,.., it could be considered that the scale of
(w/2) .5 could be expressed by the product of Vjsinf and the characteristic time for the film spread, as the scale of
the length can be expressed in terms of the product of the scales of the velocity and time. The characteristic time scale
for the film spread, 7, can be expressed as in Eq. (4), as determined via a dimensional analysis using the density, surface
tension coefficient, and nozzle diameter, which are the key factors influencing the film width. Thus, the scale of

(w/2) . can be expressed as in Eq. (5).

S Loz )
g

D3
(w/2)max - W)Sine ’ pT (5)

By rearranging Eq. (5), the dimensionless maximum film width can be expressed as follows:

02

(W/2) max ~ p(Vysing)? D — VWe - sinf (6)
D o

In addition, it can be considered that (w/2)

the wall with 8 = 0. Therefore, a correction term of 0.5 was added to Eq. (6), as follows:

is equal to D/2, the radius of the liquid jet, if the liquid jet impinges to

max

2) e
W% = v We - sinf + 0.5 @)
All the obtained results considering the different parameters are shown in Fig. 13. It can be noted that the results under
various conditions of the liquid jet velocity, nozzle diameter, and impingement angle could be uniformly organized
although the data indicated a slightly shallower slope than Eq. (7). These findings indicate that the maximum film width
for a liquid film generated using a single nozzle can be predicted when the injection conditions have been determined.

32
o~L1 0.7mm |1.12mm
10° [ ) A
16 (| 15° ® A s
o .
20 ® A ‘s
0 25¢ ® A .
o g L s f
CI:: [ Y
3 3
: o1
~ & A
™ L
S , a8
A
2 A 1
1
1 1 1 1 1
1 2 4 8 16 32
VWesin8

Fig. 13 Relationship between dimensionless maximum film width and the product of Weber number and sinf
The symbols indicate the experimental data for three experimental runs in each condition. The bold line indicates
the results pertaining to Eq. (7).
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4. Conclusions

To clarify the key factors affecting the spread of a liquid film and understand the formation process of such films, an
experimental apparatus that could simulate the supply system of the fuel in actual thrusters for film cooling was
developed, and experiments were performed using water as the test liquid. The mass flow rate, nozzle diameter,
impingement angle, and liquid jet length were varied. It was noted that when the liquid jet velocity increased, the width
and length of the film increased, and a linear relationship existed between the liquid jet velocity and maximum film
width. This finding was observed at all nozzle diameters, although the slopes of the lines were different. These results
indicated that the nozzle diameter was one of the factors affecting the film spread. The maximum film width increased
under the same mass flow rate as the impingement angle increased, and the vertical component of the liquid jet velocity
to the wall exhibited a linear relation with the maximum film width. In addition, the liquid jet length did not exert any
significant effect on the film width under the experimental conditions, which were in the design range of bipropellant
thrusters. Based on these results, they key factors affecting the film width were extracted, and a general relationship
between the key factors and maximum film width under various conditions was identified. It was noted that the maximum
film width divided by the nozzle diameter could be uniformly organized in terms of the product of the Weber number
and the sine of the impingement angle, based on a dimensional analysis. These findings could provide guidance to
determine the shape of an injector for film cooling, based on the physical phenomenon, instead of using a trial-and-error
approach that requires experimental tests. In addition, the amount of fuel for film cooling could be optimized while
ensuring a high performance and sufficient cooling of the thrusters at the same time.

In future work, the effect of the surface tension must be investigated in detail by using different test liquids. In
addition, the reason why the data was not completely fitted with Eq. (7) need to be elucidated. For more accurate
prediction, it is necessary to take into account the effects of the contact angle and modify the characterization parameters
suitably.
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