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The effect of recess length on the internal flow development and spray characteristics of a gas-liquid-swirl coaxial
injector was investigated both theoretically and experimentally. Three different flow patterns were identified and
explored as a function of the recess length. The spray-field dynamics and droplet-size distribution were measured by
means of a high-speed photographic technique. An improved theoretical model was established to correlate
experimental observations. An expression of the optimal recess length for atomization was obtained.

Nomenclature
A =  geometrical characteristic parameter of the swirl
injector
ch = hyperbolic cosine function
d = spout diameter
e = 27183
f = friction coefficient
H = recess length
L = length of the injector element
Py = reverse pressure
R =  dimensionless radius of the vortex chamber
Ty = radius of the tangential channel
T = radius of the gas vortex
N =  dimensionless radius of the gas vortex, r,,/r.
sh = hyperbolic sine function
Vv = liquid velocity
a,f = unknown coefficient
AP = pressure drop of the swirl injector
0 = spray-sheet cone angle
w = mass flow discharge coefficient
v = viscosity of liquid
b4 = 3.141592
¢ = recess angle
10 = flow arearatio, F,/F,
Subscripts
c = spout of the swirl injector
g = gas
k = vortex chamber
l = liquid
real = real value
T theoretical value
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test = tested value

ux = tangential partial quantity
xx = axial partial quantity
Superscripts

- = dimensionless parameter
' pulsation component

1. Introduction

ECESSED shear coaxial injectors were first introduced during

the development of the J-2 rocket engine in 1963. From then on,
more efforts were made to study the effects of recess length on
coaxial-injection characteristics and the ensuing influences on
combustion efficiency and the stability of the thrust chamber. In spite
of the vast amount of information obtained thus far, no conclusive
results have been reached. According to the results of some
investigations, the effect of the recess of the center injector on droplet
sizes for the coaxial injector is not clear and can be neglected [1-3].
Sankar et al. [4] and Sasaki et al. [5] measured the spray
characteristics of coaxial injectors by means of phase Doppler
particle analysis, examining the effects of the recess length of the
oxidizer center port on the sizes of liquid droplets, velocity, and mass
flux. With increased recess length for the oxidizer center port, effects
on liquid-droplet sizes developed. The investigation by Hannum
et al. [6] found that the mean droplet size may decrease when the
liquid-oxidant injector is recessed. Combustion efficiency will
increase when the liquid-oxidizer center port is recessed. It can be
deduced that improved atomization quality will improve combustion
efficiency. According to Sankar et al. [7], if the recess distance is less
than one-half of the diameter of the oxidizer center port, the mean
size of the liquid droplets will increase, due to the recess of the
oxidizer center port. Falk [8] claimed that based on a single
measurement, the recess of the oxidizer center port has little effect on
the mean droplet size. Gomi [9] observed that if there is no recess or
the injector diameter is 3 times the recess distance, there is very little
difference among liquid-droplet dimensions. Glogowski and Micci
[10] modeled the design of their injector on the space shuttle’s main
engine. They focused on the velocity and droplet-size distribution
immediately downstream of the liquid-injection port. They changed
the geometry and recess of the liquid-injection port and measured the
effect on the velocity and droplet-size distribution. Glogowski and
Micci concluded that a tapered water-injection port reduced the
velocities of the spray within the flame-stabilization region.
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Glogowski et al. [11] also studied the instability mechanisms in a
coaxial injector with a recessed region and no recessed region.
Bazarov [12] investigated the theory that the liquid jet in the
submerged region of the coaxial injector undergoes high-frequency
oscillation and fluctuation during the jet-breakup process; he called
these phenomena self-oscillation and self-pulsation. The pulsation
frequency was presumed to correlate with the time required for the
liquid to propagate through the recessed region. He also verified that
the recess length of the injector is the most important parameter
determining the self-pulsation characteristics. Kim and Heister [13]
aimed at increasing understanding of the hydrodynamic instability
inside the coaxial injector. They developed a 3-D incompressible
unsteady viscous Navier—Stokes solver for the coaxial jet
atomization in a recessed region of the injector. Their model
incorporates the chamber pressure perturbation and also enables
modeling the injection-coupled instability of the injector flow.

Experimental results suggest that the recess distance between the
end faces of the oxidizer center port and the outer fuel injector has
very important effects on the efficiency and stability of combustion;
the mechanisms are currently under investigation. Many studies have
explored the effect of the oxidizer center-port recess length on the
spray characteristics of coaxial injectors based on the atomization in
cold flow, but no consensus was reached. In this paper, the effect of
recessing the oxidizer center port on the atomization characteristics
of a coaxial swirl injector was investigated in detail, both
theoretically and experimentally.

II. Theoretical Analysis
A. Analysis of Flow Models in the Recessed Mixing Chamber

When recess length is used as the characteristic parameter of a
recessed mixing chamber [1], the flow conditions in the chamber are
determined not only by the recess distance, but also by the diameters
of the concentric inner liquid and outer gas flows of the coaxial
injector. Recess distance is, however, inconvenient for mathematical
analysis. Therefore, the concept of recess angle ¢ is proposed in this
paper. Recess angle ¢ is used as the characteristic parameter so that
the effect of the recess on the spray characteristics can be analyzed
conveniently. Recess angle is defined in Eq. (1) and shown
schematically in Fig. 1. If the recess length changes from O to co, the
recess angle will change from 7 to 0. The recess angle is a linear
function of the recess length, including the other geometric
dimensions of the coaxial-injector exit, and so we can fully account
for the effect of the recess on the flow characteristics in the recessed
mixing chamber of the coaxial injector:

¢ =21g7"[(d, — d))/(2H)] (1

Comparing the recess angle with the spray angle of the liquid-swirl
center port, the interaction of the outer gas flow and the inner liquid
film in the mixing chamber for different recess lengths can be
classified into three categories. If the recess angle is 180 deg, the
recess distance will be zero, and the recessed mixing chamber will
not exist. The interaction of the gas flow and the liquid film happens
completely outside the coaxial-injector spout. This is called an outer
mixing flow. The recess angle will decrease with an increase in recess
length. When the recess angle decreases to nearly equal the spray
angle (namely, 180 > ¢ > 6), liquid film cannot impact the inner
surface of the gas spout, and the gas-flow tube is not completely
closed by liquid film. Excessive space between the inner liquid film
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Fig. 1 Definition of recess angle for the coaxial swirl injector.

in the swirl center port and the outer gas injector’s inner surface
means that the inside of the gas flow atomizes the liquid, and the outer
gas flow spurts into the chamber without participating in
atomization. In this case, the gas-liquid phase occupies a small
part of the recessed mixing chamber, the gas phase occupies a large
section, and the recessed mixing chamber has little effect on the gas—
liquid interaction. The outer gas flow and inner swirl liquid film
interact mainly outside the recessed mixing chamber, and the flow is
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classified as an outer mixing flow. If the swirl liquid center port is III. Experimental Setup and Procedures
recessed further so that the recess angle equals spray angle of the
swirl center port (namely, ¢ = 6), the liquid film of the swirl center
port will touch the rim of the outer gas concentric port. This is called a
critical recess. In this condition, outer gas flow is completely closed
by the inner swirl liquid film, and all of the gas flow impacts on the
surface of the liquid film for atomization.

The recess angle will decrease as the inner swirl center port is
recessed. If the recess angle is less than the spray angle of the inner
swirl port (namely, ¢ < 6), the swirling liquid film will touch the
inner surface of the outer gas port, and the gas—liquid-phase area will
occupy a large section of the recessed mixing chamber. In this case,
the outer gas flow and inner liquid film mainly interact in the recessed
mixing chamber, and the flow is referred to as an inner mixing flow.
The swirling liquid film will contact the inner surface of the outer gas
injector so that both the gas flow and the inner surface of the outer
port will act on the inner swirl liquid film and contribute to
atomization. The effects on liquid atomization are quite complicated.
The recess-angle configuration is shown in Fig. 2.

According to the preceding analysis, the flow conditions in the
recessed mixing chamber are greatly influenced by the recess length,
flow conditions of the gas-liquid-phase section, and different
mechanisms of atomization. Among the three configurations
presented, the gas—liquid mixing flow of the critical recess is the most
favorable for atomization. This is because the entire gas flow acts on
the atomization at the critical recess condition, compared with the
other two configurations. To validate this hypothesis, experiments on
a long-spout swirl injector and steady-atomization characteristics of
a recessed coaxial swirl injector were performed.

The experimental system consists of a simulated propellant supply
system, pressure and flow measurement system, and high-speed
dynamic testing system (some typical testing results are shown in

a) H=19.5 mm

B. Theoretical Calculation of the Spray-Sheet Cone Angle of the
Swirl Injector

The thickness of the liquid film in the spout of the swirl injector is
much less than the spout radius, and so the axial velocity V., and
tangential velocity V,, must be included in the calculation, but the
radial velocity can be neglected [14]. In the axial direction, define a b) H=20.7 mm
differential volume dm by coordinate value x, differential length dx,
and thickness r, — r,,(x), shown in Fig. 3.

The following expressions can be deduced according to the basic
theory of the swirl injector:

Geometrical characteristic parameter, including the spout length
of the swirl injector:

Air
Ar = = = 2)
ch(fL./4¢) + sh(fL./4¢) ¢’ Afr + 1
Spray-sheet cone angle:
oV RprAr/04S) 2prAr
2 Ve VT-RurAr/A+ 9P VU +8) — 4547 ¢ H=23.7 mm
3
X dx
r
r'{ vV, Vi
\|J ux o
~ 7
%
\ £ AL
Le
d) H=25.2 mm
T Fig. 4 Photographs of the swirling jet for different swirl-injector spout

Fig. 3 Schematic of the spout of the swirl injector. lengths (A =4 and AP = 0.65 MPa).
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Fig. 5 Structure of the modal injector: recessed mixing-chamber
pressure tap (1), air inlet (2), spout pressure tap (3), water inlet (4), and
tangential passage pressure tap (5).

/‘ /'/}“/'/
= \HN=
,,,..,,////////

/

Y

//ll"@,
%7

///J;

Ny

\v«x\
/7/" 2

injector

water
testmg position

4 5 image area
v —

[
A

m&\\‘&\\\w&\\\‘\\\\\ N

camera lens

testing area

100 mm
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Fig. 4). Water and compressed air are used as the liquid and gaseous
propellants, respectively. The common spray measurement devices
(such as a Marvin laser-scattering size analyzer, phase Doppler
particle analyzer, etc.) could only measure the steady spray field, and
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d) t=3/4500 s
Fig. 7 Droplet photograph shot by high-speed camera.

e) t=4/4500 s f) t=5/4500 s

they are not appropriate for dynamic spray-field measurement. The
high-speed dynamic measurement system consists of copper-vapor
laser light sheet illumination, Ultima-40K high-speed digital camera,
control system, image analysis PC, and image analysis system. The
system record and analysis of the spray process is at the frame rate of
4500 frames per second. This system has the temporal and
dimensional statistics ability and can calculate the Sauter diameter,
mass mean diameter, volume mean diameter of the droplets, droplet-
size distribution, and speed of the droplet. The resolution of the
testing system is no less than 40 pm, with a measurement tolerance
of less than 10%. The system was calibrated using standard
particleboard.

Table 1 Comparison of spray-sheet cone angles: theoretical vs experimental

R f AkT @ N L(' AT ch/4(p eT elesl
0.6 1.9125 0.0095 79.8 73.02
19.5 1.3039 0.3096 65.8 49.98
2 0.03175 1.938 0.5 0.7874 20.7 1.2747 0.3286 64.8 50.49
23.7 1.2053 0.3762 62.7 47.05
252 1.1723 0.4001 61.6 59.48
0.6 3.2834 0.0131 91.3 72.87
19.5 1.8720 0.4266 68.2 64.76
4 0.0322 3.352 0.3680 0.8567 20.7 1.8137 0.4528 66.8 50.58
23.7 1.6777 0.5184 62.9 53.45
252 1.6144 0.5513 61.7 54.57
0.6 3.7347 0.0187 90.6 88.40
19.5 1.7639 0.6082 56.7 56.54
6 0.0375 3.842 0.3006 0.8869 20.7 1.6911 0.6456 54.8 53.63
23.7 1.5243 0.7391 50.5 56.18
25.2 1.4481 0.7859 48.3 57.54

Table 2 Sizes of experimental coaxial injectors

Type of coaxial Recess distance,  Radius of gas spout Radius of liquid spout Liquid spout length A = (r.R/nr2)  Type of the swirl
injector mm re, mm re, mm L., mm injector
TZ-8-20.85 5.7 2.3 1.0 19.5 2 LX-8-7.35
TZ-8-22.12 4.5 2.3 1.0 20.7 2 LX-8-9.25
TZ-8-23.56 3.0 23 1.0 22.1 2 LX-8-10.5
TZ-8-25.1 1.5 2.3 1.0 23.7 2 LX-8-11.4
TZ-8-26.63 0 2.3 1.0 252 2 LX-8-13.25
TZ-12-20.85 5.7 2.3 1.0 19.5 4 LX-12-7.35
TZ-12-22.12 4.5 2.3 1.0 20.7 4 LX-12-9.25
TZ-12-23.56 3.0 2.3 1.0 22.1 4 LX-12-10.5
TZ-12-25.1 1.5 2.3 1.0 23.7 4 LX-12-11.4
TZ-12-23.56 0 2.3 1.0 25.2 4 LX-12-13.25
TZ-16-20.85 5.7 2.3 1.0 19.5 6 LX-16-7.35
TZ-16-22.12 4.5 2.3 1.0 20.7 6 LX-16-9.25
TZ-16-23.56 3.0 2.3 1.0 22.1 6 LX-16-10.5
TZ-16-25.1 1.5 2.3 1.0 23.7 6 LX-16-11.4
TZ-16-23.56 0 2.3 1.0 25.2 6 LX-16-13.25
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Table 3 Comparing recess angles of the smallest SMD and liquid sheet angle

Pressure drop of the liquid-swirl injector, MPa

Geometric characteristics of swirl injector A

2 4 6
¢,deg  O,deg O-¢p,deg P, deg O,deg O-¢,deg ¢, deg 6,deg  6-¢, deg
0.20 32.2 35.2 3 46.9 48.3 14 25.7 47 21.3
0.35 46.9 48.7 1.8 46.9 49 2.1 322 46.1 13.9
0.50 46.9 49.1 22 46.9 50.1 3.2 46.9 53.6 6.7
0.65 25.7 46.8 21.1 322 45.7 135 25.7 56.5 30.8
0.80 46.9 50.9 4 322 50.5 18.3 46.9 56 9.1

Injector models are made of stainless steel. Eighteen models were
designed through assembling different parts; the schematic of an
injector model is shown in Fig. 5. A map of the measuring area and
position in the spray field is sketched in Fig. 6. Each photograph shot
at the measuring point shows a projection of all the droplets in the
measuring area, which is vertical to the axes of the injector. Figure 7
shows some continuous-spray images at one measuring point shot in
5/4500 s continuously.

A pressure sensor and flow meter are fixed to the pipe near the
injector. When the valve of the pipe is open, the high-speed camera
begins to work, saving these photographs into an image analysis PC
during 1 s. The experiment is repeated with different injector models
under every operation condition.
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Fig. 8 Dependence of the SMD on time.

IV. Results and Discussion

A. Comparison of Theoretical and Experimental Results for the
Swirl Injector

All of the spray-sheet cone angles for the swirl injector in the
present experimental setup were calculated, and a comparison
between the results of the calculation and the experiment is shown in
Table 1. The spray-sheet cone angle decreases due to the increase in
swirl-injector spout length, the effect of viscosity is much more
evident due to the increase in swirl-injector spout length, viscosity
reduces the liquid-vortex flow momentum, and the circular velocity
of the liquid-swirl sheet will also decrease, which will decrease the
spray-sheet cone angle. In addition, the spray sheet pulsates even
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Fig. 9 Dependence of the droplet mass on time.
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Fig. 10 Dependence of the SMD on AP.

under steady conditions. For the liquid-swirl center port of the
coaxial injector in an ambient environment, photographs of
atomization from the liquid-swirl center port are shown in Fig. 4.

The spray-sheet cone angle of the liquid-swirl center port will
change with pressure drop, which is difficult to measure precisely.
An approximate measurement can, however, be corrected based on
theory. Suppose that

6

real

2

BAL 9T

tg =u-e ’ﬂtgj

“4)

From the data shown in Table 1, according to the numerical

calculation, & and f can be defined as o = 0.856 and 8 = 0.006. For
the swirl injector, an experiential expression can be obtained:

Hreal

18

e 0
= 0.856 - "% g 5)

B. Change of Sauter Mean Diameter with Time in the Test Area

The image analysis system can calculate the Sauter mean diameter
(SMD) in every photograph, and the high-speed camera can shoot
4500 photographs in 1 s. Therefore, a high-speed dynamic test
system can calculate the SMD of droplets in the measuring area every
1/4500 s.

Through analysis of liquid droplets for each photograph under
different operation conditions, the curve of Figs. 8a—8c show that the
SMD is dependent on time in the measurement area of the different
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Fig. 11 Dependence of the SMD on recess length.

recess. These curves show that the atomization process of the coaxial
injector is unsteady. In the measurement area of 2 x 2 mm?, the
SMD is variable, which results in variations in vaporization, mixing,
and heat release in the combustion chamber.

C. Mass of Liquid Droplets Dependent on Time in the Test Area

The curves in Fig. 9 show that under different conditions, the mass
of liquid droplets varies with time in the testing area for different
injector models. The variation in liquid-droplet mass will result in the
variation in heat release in the combustion chamber.

D. Changes of the SMD with Liquid Pressure Drop in the Injector

According to the analysis of 2000 continuous liquid-droplet
photographs, the curves of the SMD varying with pressure drop,

geometric characteristics parameter, and recess length are shown in
Figs. 10a—10c. The effects of increasing liquid mass flow rate on
liquid atomization can be classified: with the increase of liquid
pressure drop, the liquid film velocity at the end face of the coaxial
injector results in a decrease in the SMD. The liquid mass flow rate
will vary with the liquid pressure drop. Because the gas-pressure
drop and mass flow rate are fixed in the experiment, the amount of
liquid that needs to be atomized will increase, and the SMD will also
increase. In conclusion, with the increase in liquid pressure drop, the
variation tendency of the SMD will depend on the preceding two
factors. The specific atomization process is very complicated and
depends on which of the preceding two factors dominates. When the
geometric characteristic parameter A is equal to 2 and 4, liquid
pressure drop is between 0.5 and 0.8 MPa, and the SMD of the liquid
droplets gradually increases with pressure drop, perhaps because of
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the equal effect of the two factors on the SMD. When the geometric
characteristic parameter A is equal to 6, because of the evident
centrifugal power, viscosity loss will increase, and the velocity at the
swirl-injector end face will increase too, which will result in a
variation of the SMD with the liquid pressure drop as a whole.
The curves of the SMD varying with the pressure drop for
different geometric characteristics and recess length are shown in
Figs. 10d-10f.

E. Changes of the SMD with Swirl Center-Port Recess Length

The configuration of experimental coaxial injectors is shown in
Table 2. Under different experimental conditions, the SMD varies
with the recess length of different coaxial injectors, as shown in
Fig. 11. When there is no recess or the recess length is low (H =0
and 1.5 mm), the SMD is larger. For each experimental condition,
there is one certain recess distance corresponding to the minimum
value of the SMD. This experimental phenomenon can now be
analyzed according to the preceding three proposed spray models.
Under each experimental condition, a certain recess length
corresponds to a minimum SMD. Differences between the recess
angle of the coaxial injector and the swirl liquid spray-sheet cone
angle were investigated, as shown in Table 3.

According to Table 3, spray-sheet cone angles are larger than the
recess angles, possibly because the swirling liquid film collides on
the inner surface of the outer gas-flow passage. This flow condition is
the gas—liquid inner mixing flow. The difference between spray-
sheet cone angle and the recess angle is no more than 10 deg for 9 of
15 testing points, considering the effects of measurement tolerances
for the swirl liquid spray-sheet cone angle and influence of
concentric gas flow. In fact, if the swirling liquid spray-sheet cone
angle is no less than the recess angle (namely, ¢ > 6), the inner swirl
liquid film sweeps the exitrim of the outer gas injector and produces a
gas-liquid critical recess condition. For the other 6 test points, the
difference between the swirl liquid spray-sheet cone angle and the
recess angle is large (namely, ¢ < 6), which belongs to the gas—liquid
inner mixing flow. For all the test positions, when the spray-sheet
cone angle of the swirl injector is equal to or somewhat exceeds the
recess angle, the SMD is small. For inner mixing flows, in which the
spray-sheet cone angle of the swirl injector exceeds the recess angle,
the SMD varies greatly. That is, when the inner swirl liquid film
collides on the inner surface of the outer gas injector, the effects on
atomization are more complex and difficult to analyze. According to
the investigation, the three models of the recessed mixing chamber
proposed are verified through experiments. For gas—liquid critical
recess flows, the SMD is lower, whereas for gas—liquid outer mixing
flows, the SMD is larger; for gas-liquid inner mixing flows, the
variation of the SMD is complex.

According to this analysis, the optimal value of recess distance
Hgyp can be deduced. Substituting ¢ = 6 in Eq. (1) and considering
Eq. (5), the following expression can be deduced:

AP 2urA
Hgyp = (d, — dc)/(l.7lle0'006%: Hrar

24,2 2) (6)
VI + 87— 4347

V. Conclusions

The concentric-orifice coaxial injector has become the preferred
design on most cryogenic propellant applications. Typically, the
liquid oxygen port is recessed from the injector face to improve the
combustion stability. The effect of recess distance on spray
characteristics was investigated in this paper. A high-speed dynamic

testing system is employed to shoot the spray field and calculate the
SMD of every moment at the measuring point. The results show that
the spray field of the coaxial injector is unsteady and the sizes of the
liquid droplets and the mass flow rate in the spray field are variable.

Theoretical analysis shows that the recessed mixing-chamber
flows can be classified to three flow models *namely, outer mixing
flows, critical mixing flows, and inner mixing flows) according to the
recess length of the swirl liquid center port, which should be
investigated for each special flowing characteristic. For the coaxial
swirl injector, when the spray-sheet cone angle is equal to or slightly
larger than the recess angle (namely, in the condition of critical
mixing flow), the minimum SMD is produced.
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