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Abstract: In the present study, the ablation of a pintle injector on a 500N GOX/GCHyj rocket engine
under different working conditions is studied experimentally and numerically. The temperature of
the pintle tip and the combustion gas in the head zone was measured in a series of experiments by
the thermocouples. Moreover, a three-dimensional model was established to simulate combustion
and heat transfer concurrently and analyze the ablation state of the pintle injectors. The obtained
results indicate that under a low chamber pressure (p. = 0.25 MPa) and an increasing O/F ratio
from 0.8 to 2, the tip temperature declines first, and then rises. At the designed working condition
(pc = 1.05 MPa and O/F = 3.2), the pintle tip suffered serious ablation, and the microstructure
analysis indicates that the ablation failure of the stainless steel pintle tip originates from chromium
precipitation. This phenomenon is especially more pronounced when the temperature exceeds 1273 K,
which makes the structure fragile and vulnerable. This article helps to provide an understanding of
the ablation failure of the pintle injectors, and the established model is capable of giving a prediction
on the ablation status of the pintle tips consistent with the experiment.

Keywords: pintle injector; ablation analysis; experimental /numerical study; GOX/GCHj rocket engine

1. Introduction

Since the development of the pintle injector in the jet propulsion laboratory (JPL) in
the 1950s [1], it has been used in the lunar module descent engine (LMDE) in the Apollo
project at the end of the 1960s [2] and in the development of the Merlin series engines of
the SpaceX corporation in the late 2010s [3]. Numerous tests under various conditions
demonstrate that pintle engines with a simple structure and low manufacturing cost have
superior characteristics such as stable combustion, high-performance deep throttling, and
excellent adaptability and reliability in the variable thrust occasions such as rocket recycling
and planet landing operations.

However, the imperfection of the pintle injector is also noteworthy. Generally, there
are two pairs of recirculation zones in the thrust chamber of a pintle engine as shown
in Figure 1, which enhance mixing, increase the residence time of the propellants, and
keep the combustion process stable. However, continuous combustion gas with a high
temperature recirculates to the pintle tip, heating the tip and even overheating it. This
phenomenon is one of the main drawbacks of pintle injectors [4]. Therefore, Betts thought
it is necessary to calculate the allowable temperature of pintle injectors and optimize the
tip material to avoid overheating [5]. Particularly, Heister held that pintle engines require a
higher degree of integrated design of the pintle injector and the combustion chamber than
other types of rocket engines [6].
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Figure 1. Streamline inside the thrust chamber of pintle engines.

Currently, most investigations are devoted to the atomization characteristics [7-13] and
combustion performance of pintle injectors [14-18], so further investigations are required
on the thermal protection and ablation-induced problems. Especially for cryogenic bipro-
pellants such as liquid oxygen (LOX)/liquid hydrogen (LH;) and LOX/liquid methane
(LCHy), the pintle tip ablation cannot be ignored. Bedard found that although an active
cooling system was adopted to protect the tip, the pintle tip obviously ablated in the hot
tests of a LOX/LCHy4 pintle engine [19]. The active cooling design for the pintle engines
was first proposed by Thomas J. Mueller [20], the designer of the Merlin series engines
which use LOX/kerosene as propellants and report no ablation failure of the pintle injectors.
It indicates that the pintle ablation is notably influenced by the types and states of the pro-
pellants used. To solve the ablation problem of the pintle injectors, Gromski analyzed heat
transfer in the TR202 LOX/LH; pintle engine to explore the effects of different geometries
and thrust throttling levels on the heat flux of the pintle injector [21]; however, detailed
results are not disclosed in public references. Kang discovered that changing the shape
of the pintle orifice and setting an insert nozzle inside the pintle body can significantly
improve the pintle tip cooling performance [22], but this method limits further optimization
of the whole pintle engine performance.

The performed literature survey reflects that there is a lack of systematic and spe-
cialized studies on the ablation problem of pintle injectors [23]. Aimed at resolving this
shortcoming, the ablation status of a pintle injector under different working conditions was
studied experimentally. To this end, the tests were conducted on a gas oxygen (GOX)/gas
methane (GCHy) pintle engine. Moreover, a numerical model was developed to study the
heat transfer and combustion within the thrust chamber, predict the temperature on the
pintle tip, and obtain flow field information around the pintle injector. As an innovative
work, the achievements of this article can instruct the design of the pintle engines and
provide a further interpretation on the ablation failure of the pintle injectors.

2. Experimental Facilities
2.1. Pintle Engine

In this article, a 500 N vacuum thrust-class pintle engine with a nominal chamber
pressure of 1.05 MPa was used to conduct the tests. Figure 2 shows a schematic view of
the pintle engine equipped with thermocouples. In this engine, GCHy flows inside the
pintle body and radially injects from double rows of circular injection holes, while GOX
axially flows along the outer pintle wall from the annular gap. To increase the resistance of
the thrust chamber to high temperatures, the dome head plate is protected by a composite
layer made from ethylene-propylene-diene monomer (EPDM) and carbon fiber, while the
rest of the thrust chamber is water-cooled. Except for the copper thrust chamber, the other
parts of the engine are made of 304 stainless steel. Figure 3 shows the physical engine and
its main parts.
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Figure 2. Schematic diagram of the pintle engine equipped with thermocouples.
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Figure 3. Configuration of the pintle engine.

To measure the temperature of the pintle tip and combustion gases, two tungsten—
rhenium thermocouples with a maximum operating temperature of 2300 °C were embed-
ded inside the pintle injector and dome head plate. The temperature measured by the
thermocouple #1 welded at the pintle tip is actually the solid domain temperature because
the thermocouple probe at this location is covered by pintle injector material to protect
it from the hot oxidizing atmosphere. Figure 2 shows that the other thermocouple #2
mounted on the dome head plate is in direct contact with combustion gas. These two
temperatures reflect the thermal state of the pintle injector.

To simplify the test preparation and ignition, GOX/GCHy, at room temperature is
used in tests. At the design point, the O/F and total mass flow rate were 3.2 and 152 g/s,
respectively. The ignition is accomplished via an electric spark plug mounted on the dome
head plate. The main parameters related to the performance and geometry structures of

the engine are listed in Table 1.
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Table 1. Parameters of a 500N GOX/GCHj, pintle engine.

Parameter Value Units
Performance parameters
Chamber pressure 1.05 MPa
Vacuum thrust 477.6 N
Vacuum specific impulse 320.41 s
Characteristic velocity 1838.09 m/s
Mass flow rate
Total 152 g/s
Oxidizer 115.8 g/s
Fuel 36.2 g/s
Mixture ratio 32
Pintle injector
Pintle diameter D, 10Dy mm
1st row of injection hole diameter Dy Dy mm
2nd row of injection hole diameter Ds 0.54D ¢ mm
Number of holes in each row 12
Annular gap width Gap 1.18Dy¢ mm
Thrust Chamber
Chamber diameter D, 41D ¢ mm
Characteristic length 433.30 mm
Nozzle
Throat diameter D; 17.4D¢ mm

2.2. Test Stand and Instrumentation

In this article, all tests were conducted on the test stand of the combustion mechanism
of liquid rocket engines at the Science and Technology on Scramjet Laboratory of National
University of Defense Technology, China. Figure 4 shows the configuration of the test setup.
The control/measurement system consists of a PXI collection system and a PLC controller
to adjust the pneumatic valves and collect the data concurrently according to the given
time sequence. During the tests, the pressure, temperature, and flow rate were measured
and recorded on a data card. The pressure was measured using piezoresistive pressure
transmitters with a response frequency of 20 kHz and a measuring precision of 0.5% full
scale (FS). Moreover, the temperature was measured using thermocouples mentioned above
with a precision of 1%FS. Finally, the volumetric flow rate was measured using turbine

meters with a precision of 1%FS.

Figure 4. Configuration of the test system on the LRE test stand.

The specific working conditions are listed in Table 2, where
theoretical temperature of the thrust chamber in each condition.

T is the maximum
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Table 2. Definitions of working conditions.

No. p./MPa OfF T /K mcp,lgs!  tp,lgs! Note

#1 0.25 0.8 1004 31.01 24.8

#2 0.25 1.2 1147 23.68 28.41

#3 0.25 1.6 1950 16.89 27.03

#4 0.25 2 2581 13.34 26.69

#5 0.5 1.6 1951 33.79 54.06

#6 1.05 3.2 3275 36.2 115.8 design point

3. Numerical Methodology
3.1. Model Simplification

The main objective of the numerical simulation is to analyze the combustion inside
the thrust chamber and calculate the heat transfer between the hot gas and the pintle
injector. In order to reduce the computational expenses, a simplified model is developed, as
shown in Figure 5, and the geometric parameters are set according to the physical engine.
Because the thrust chamber is axially symmetrical and the pintle injector has double rows
of circumferential holes in a stagger arrangement, with each row having 12 holes as shown
in Figure 6, only 1/24 of the engine model is simulated as the computational domain.

Gap,
- |

GOX —

% /It/j |
>A D
GCH, M) Dy

Figure 5. Simplified model of the study’s pintle engine.
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Figure 6. Arrangement of circular injection holes on the pintle injector.

When designing a pintle injector, two dimensionless quantities, BF and TMR, are
defined to describe the dynamics of the propellants. BF denotes the blockage factor and
reflects the proportion of intersecting and mixing of the fuel and oxidizer. For the present
pintle, BF can be expressed as follows:

N(Ds+D)

BF =
nDp

M

TMR is the total momentum ratio and reflects the impact intensity of the fuel jets and
oxygen film flow, which can be mathematically expressed in the following form:

(1)
TMR = —* )
(mu),
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Therefore, the circumferential length and injection area of the injection holes can be
adjusted using BF and TMR, respectively.

3.2. Governing Equations

In the present study, the physical process consists of the gas turbulent flow, combustion,
and heat transfer between the gas and the pintle injector. First, the standard k-¢ turbulent
model is satisfactory on the simulation of the combustion gas flow according to the previous
work [24], so it is selected to describe the steady-state gas flow. In addition, all of the gases
can be approximately assumed to be the ideal gas. Second, a reduced Jones-Lindstedt
six-step mechanism (JL6) [25] is employed to model the chemical reactions of methane and
oxygen, which contains six equations and nine species. JL6 shows an acceptable calculation
precision and an affordable computation cost in similar research [15,26]. Third, to calculate
the convective heat transfer between the fluid and solid walls, a method is applied by
enforcing the continuity of the temperature and heat flux to sustain a thermal balance. This
can be mathematically expressed as follows:

Tl f1uia = Tlsoria ®)
aT oT
Afluid 5 lid 5 4)
fhu on fluid M on solid

In addition, the thermal conduction in the solid domain of the pintle body can be
calculated using the Fourier equation, in which the thermal conductivity of the solid
domain of stainless steel is set to 18.3 W/(meK). Detailed equations are seen in the previous
work [22].

3.3. Numerical Method

The second-order upwind scheme is used for the spatial discretization of the governing
equations, and the SIMPLE algorithm is adopted to solve the coupled pressure—velocity
equations.

3.4. Grid Generation and Boundary Conditions

Figure 7 shows a three-dimensional structured grid of the engine model. The grid
consists of the fluid domain and the solid domain, which were generated separately. The
nodes at the solid—fluid interface are non-conformal due to the geometry complexity. There-
fore, heat exchange at the interface is achieved via interpolation. To improve the solution
accuracy at the solid—fluid interface, the boundary layer is established in both the fluid and
solid domain in the vicinity of the interface. GOX and methane inlets were considered
mass flow rate inlets, while the outlet was considered a pressure outlet. Only the interface
walls that stand between the solid and fluid domains are coupled walls, namely, the walls
considered with heat transfer, while the other walls are adiabatic. Furthermore, all walls
are assumed to have a non-slip surface. The imposed boundary conditions at the design
point are summarized in Table 3.

Table 3. The imposed boundary conditions.

Boundary Type Value
GOX inlet mass flow inlet 0.004825 kg /s, 300 K
methane inlet mass flow inlet 0.001058 kg/s, 300 K
outlet pressure outlet 10,132.5 Pa
interface walls coupled wall -

non-interface walls adiabatic wall -
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Figure 7. Generated grids in the computational domain.

3.5. Grid Independence Tests

Three grid resolutions with different grid densities were compared in grid indepen-
dence tests. The coarse, moderate, and fine grids contain 107,484, 226,290, and 487,080
hexahedron cells in the fluid domain, respectively, while the grid densities in the solid
domain stay constant. In order to observe the effects of grid densities, a sample line shown
in Figure 8 was selected and Figure 9 presents the temperature distributions along the
X-direction on the sample line. The obtained results show that the moderate grid agrees
well with the fine grid. The maximum temperature on the sample line is 1573 K for the
moderate grid, which is 4.83% lower than the maximum temperature of 1649 K for the fine
grid. Therefore, to balance the computational costs and precision of the numerical results,
the moderate grid is adopted in all simulations. Symmetry planes A and B are used to
analyze the flow field in the next section.

Symmetry B

Symmetry A

Sample Line

Figure 8. Sample line and symmetries for the analysis.
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Figure 9. Temperature distributions on the sample line with different grid densities.
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4. Results and Discussions

To obtain reliable measuring results, the experiments under conditions #1-#6 were
carried out for 1 to 5 s. The thrust chamber pressure p., methane/oxygen pressure before
injection pcya and po, were recorded. Figure 10 shows the distribution of p., pcra, and
po2 against time in test #6, indicating that these pressure data are much more stable with
very small fluctuations in the firing time. Actually, combustion stability is one of the typical
characteristics and inherent advantages of the pintle engines.

2t qum Pe
—Po;
—Peny
15 -
<
&
2
S Ir
Firing Time
0.5F rm\\ 1
0O 2 4 6 8 10 12
Time/s

Figure 10. Distribution of p¢, pcys, and ppy against time in test #6.

Figures 11 and 12 illustrate the distribution of the combustion gas temperature Tgp,s
measured by thermocouple #1, and the pintle tip temperature T};, measured by thermocou-
ple #2 against time, respectively. In test #5, it takes up to 3 s to reach a stable Tg;s and 5 s to
reach a stable Tj;,. The same situations occur in tests #1~#4. Therefore, the temperatures
after 5 s are used as stable values, noting that Time Os means the moment of ignition in
Figures 11-14.

1400

5s
—#5, 3s

1200F —5, s

1000
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(=]

0 2 4 6 8 10
Time/s

Figure 11. Distribution of Tg,s against time in test #5.
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Figure 12. Distribution of T};, against time in test #5.
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Figure 13. Distribution of Tg,s against time in test #6.
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Figure 14. Distribution of T, against time in test #6.

Figures 13 and 14 show that in test #6, neither Tyas nor Ty, reaches a steady-state
condition even after 5 s. In this test case, the final Tj;, and Tg,s are 930.14 K and 1950.6 K,
respectively. Additionally, it is noteworthy that all 24 firing tests up to 65 seconds were
conducted with the same engine and thermocouples. Finally, it was discovered that the
pintle tip was severely overheated in test #6. Therefore, the temperature data collected in
test #6 cannot reflect the practical situation. A comprehensive analysis and explanation are
discussed in Section 4.3.
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4.1. Effects of O/F on the Thermal Environment of the Pintle Injector

Tests #1 to #4 are performed under a p, of 0.25 MPa, but an O/F ratio of 0.8, 1.2,
1.6, and 2, successively. Figure 15 shows that the experimental and numerical results are
consistent on the distribution of Ty, for different O/F ratios.

=ik CFD
650 flrdicing B
600
=
5550 —
T "

500

450

400 ' - - - :

Figure 15. Ty, for different O/F ratios.

Both the experimental and numerical results indicate that Tj;, declines first, and then
rises with an increasing O/F ratio. The quantitative analysis in Table 4 further manifests
that as the O/F ratio increases, the corresponding ATy;, likewise declines first and then rises.
The maximum and minimum ratio of ATy, / Tt’f;(P are 20.59% and 1.75%, respectively, which
proves that the established model is capable of giving a prediction on the ablation status of
the pintle tips consistent with the reality. Here, AT};;, is defined in the following form:

ATyp = TP = TSP (5)

Table 4. Deviations between numerical and experimental results for test cases #1~#4.

Test #1 #2 #3 #4
TEXP /K 672.9 421 442.8 489.1
T, P /K 684.7 507.7 509.3 526.9
ATy, /K 11.8 86.7 73.65 44.09

ATyip/ ngp 1.75% 20.59% 15.01% 7.73%

In tests #1 to #4 with the same chamber pressure, the O/F ratio increases as the oxygen
mass flow rate increases, and the methane mass flow rate decreases. As a result, TMR
reduces, meaning that the momentum of the axial oxygen film rises while the momentum
of the radial methane jets declines. Figure 16 shows that the vertically injecting methane jet
gradually inclines downstream, which is mainly attributed to the impact influence of the
oxygen film flow on the methane jet.
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test#1
T/Tmax O/F=0.8

test#2
O/F=1.2

O/F increased

test#3
O/F=1.6

test#4
O/F=0.8

Figure 16. Comparison of flow fields in the symmetry plane B in tests #1 to #4.

Meanwhile, Figure 17 shows that as the O/F ratio increases, the vertical dimension
of the methane jets also reduces significantly, which is represented by the iso-surface of
methane gas with a mass fraction of 0.6. Obviously, methane jets are pushed downstream
with an increasing O/F ratio. This phenomenon improves mixing and combustion in the
head zone and central zone of the thrust chamber. Logically speaking, more sufficient
combustion and heat release will increase the pintle tip temperature; however, this is
not observed in experimental or numerical results. There are two reasons to explain this
paradox. Firstly, as the O/F ratio increases, Figure 16 reveals that there was no recirculation
zone formed in the center of the thrust chamber in tests #2 to #4; therefore, high-temperature
combustion gas does not return and does not heat the pintle tip. Secondly, it is observed in
Figures 16 and 17 that as the O/F ratio increases, considerable oxygen flows into the small
recirculation zone under the pintle tip, thereby creating an oxygen-rich environment that
further protects the pintle tip.

Figure 17. Comparison of iso-surfaces in tests #1 to #4 (green: iso-surface of methane gas with a mass
fraction of 0.6; puce: iso-surface of oxygen with a mass fraction of 0.9).

4.2. Effects of O/F Ratio and p. on the Thermal Environment of the Pintle Injector

Figure 18 shows a bubble graphic of the dependence of Tj;, on the O/F ratio and p,.
The bubble diameter reflects the relative magnitude of the corresponding temperature.
Moreover, each pair of bubbles for the corresponding test is non-concentric because the p,
are not identical.
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Figure 18. Dependence of T;;, on O/F and pe.

Both the numerical and experimental results show that as the O/F ratio and p increase
concurrently, the corresponding Tj;, declines and then rises. Secondly, Table 5 reveals that
the numerical results basically agree with the experimental results for tests #1 and #5, but
there is a large deviation between the two methods in test #6. Section 4.3 discusses this
abnormal result.

Table 5. Deviations between simulation and experiment results for tests #1, #5, and #6.

Test #1 #5 #6
TEXP /K 672.9 424.8 930.1
Ty, P /K 684.7 556.8 1587.7
ATy, /K 11.8 86.7 73.65

ATyip/ TE;(P 1.75% 31.07% 70.7%

Table 2 indicates that in tests #1, #5, and #6, with similar methane mass flow rates,
the O/F ratio and p, increase with the increasing oxygen mass flow rate. Among these
test cases, the highest TMR occurs in test #1, so this case has the lowest impact effect of
the oxygen film flow on methane jets. Figure 19 shows that the oxygen film just bypasses
the methane jets without sufficient mixing. Meanwhile, the methane jets with a larger
momentum in test #1 not only impact the chamber wall, but also diffuse upstream of
the injection holes. Consequently, the head zone temperature is much lower than the
temperature in the other two tests. When the oxygen mass flow rate increases, the mixing
of oxygen and methane strengthens, and the combustion in the whole chamber improves,
thereby increasing the gas temperature in the head zone with the increasing O/F and p..
Figures 19 and 20 illustrate the foregoing changes.
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Figure 19. Iso-surfaces in tests #1, #5, and #6 (green: iso-surface of methane with a mass fraction of
0.6; puce: iso-surface of oxygen with a mass fraction of 0.9).

O/F & p,
increased

Figure 20. The comparison of flow fields on the symmetry plane B for tests #1, #5, and #6.

The results presented in Sections 4.1 and 4.2 demonstrate that among the studied
cases, tests #2 to #5 do not have a large recirculation zone in the center of the chamber,
and the corresponding Ty, is in the range from 500 K to 600 K. With the formation of
the recirculation zone in tests #1 and #6, T}, increases significantly, indicating that the
appearance of the central recirculation zone remarkably affects the ablation status of the
pintle tip. More specifically, when a central recirculation zone forms, the pintle tip is
heated or even overheated by the high-temperature combustion gas. This phenomenon
also explains the reason why Tj;;, declines and then rises in tests #1 to #6 as the O/F ratio
and p. increase simultaneously.

4.3. Analysis on the Ablation Feature of the Pintle Injector

The Tg;(P in test #6 is just 930 K, while the ablation of the pintle tip after the test clearly
indicates that the tip has approached the melting point of the pintle material during the
test, which is generally in a range from 1671 to 1727 K and is far higher than 930 K. To
explain this abnormal phenomenon, the structure of the ablation region is analyzed under
a scanning electron microscope (SEM, Carl Zeiss AG, Jena, Germany) to obtain the true
temperature of the pintle tip in test #6. Figure 21 shows a close-up view of the overheated
pintle tip and its split along the symmetry plane for microscopic observation.
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Figure 21. Ablation feature of the pintle tip after test #6 and the sample for microscopic observation.

Firstly, Figure 22 reveals that the melted ablation occurred only after test #6. All tests
were conducted according to a sequence from a low to high O/F and a short to long firing
time until the pintle tip was burned severely after test #6. At a cumulative time of 6.05 s, the
pintle tip turned brown, and an oxidized blue circle appeared at the edge of the pintle tip,
which was then polished to avoid affecting the later observation. From a cumulative test
time of 6.05 s to 32.35 s, which covers tests #1 to #5 with short firing times (1 s, 3 s), the pintle
tip kept the brown feature and was insensitive to the work conditions. For a cumulative
test time of 32.35 s to 57.35 s, which covers long experiments, the surface color on the pintle
tip turned from brown to black, and the ablation deteriorated notably. After the last test #6,
the pintle tip was totally destructed and there was no smooth surface anymore.

S

-

64.35s Time axis

1 : -~ - : Rpe—
32.35s 37.35s 42.35s 57.35s
Figure 22. Ablation change of the pintle tip with an increasing cumulative test time.

Secondly, Figure 23 shows microscopic features magnified 1000 times via a secondary
electron (SE1). It is observed that there is an obvious stratification in the ablation region.
The upper layer is the sedimentary deposit formed by the solidification of the melted
stainless steel, where the top edge is rugged, and a nonuniform section with cavities
forms. The lower layer is non-ablation stainless steel featuring a much more compact
and homogeneous section. The structures of these two layers show a striking contrast in
Figure 24 with a magnification of 200 times via backscattered electron (BSD). An analysis
on the ablation failure of an aero-engine injector with a similar material [27] demonstrates
that the loose and faveolate structure in the upper layer is the precipitated phase Cr,3Csg,
and the element Cr originates from the austenite of the injector material.
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Figure 23. Microscopic feature in the region (SE1, x1000).

Measuring Point 1

20pm

Measuring Point 3 Measuring Point 2

Figure 24. Microscopic feature in the region (BSD, x200).

By making an energy spectrum analysis at three measuring points, shown in Figure 24,
the elementary composition at the corresponding point was achieved, in which the mea-
suring points 1, 2, and 3 (MP1, MP2, and MP3) are located in the melting zone, stainless
steel zone without ablation, and the interface of the two zones, respectively. The analysis
result is listed in Table 6. First, the chemical composition of MP2 basically conforms to the
standard GB/T 20878-2007 of the stainless steel material 06Cr19Ni10, indicating that MP2
is indeed located in the region without ablation. Second, in terms of the element Cr, MP2 <
MP3 < MP1, which reflects the transporting path of Cr from the stainless steel zone to the
melting zone. The energy spectrum analysis of the original images is shown in Figure 25.

Table 6. Chemical compositions in measuring points.

Element Cr Ni Si Mn

GB/T 20878-2007 06Cr19Ni10 standard 18~20 8~11 <1 <2
Measuring point 1 28.55 5.73 - -

Measuring point 2 15.33 6.38 0.43 1.06

Measuring point 3 24.81 4.46 0.76 1.15

(a) MP1 (b) MP2 (c) MP3

Figure 25. Energy spectrum analysis of the MP1-MP3.
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Generally, when the temperature is in a range from 723 to 1123 K, Cry3Cg dissolves
at the boundaries of austenite grains, but when the temperature exceeds 1273 K, Cry3Cq
decomposes. Under this condition, intergranular corrosion happens, which originates
from Cr depletion and a lack of passivation ability of the steel. As a result, the material
is extremely fragile and easily corroded. In a high-temperature and high-pressure thrust
chamber, the fragile melting material smashes and forms the loose, faveolate structure.
Therefore, it is inferred that the true temperature on the pintle tip in test #6 is close to the
material melting point (1671~1727 K) or at least over 1273 K. Compared to the upper limit
of 1727 K, the corresponding Tj;'”=1587.74 K is less than 8.1%, which indicates that the
numerical results are more reliable than the experimental results of test #6.

Last but not least, it should be reminded that the whole experiment was conducted
according to a time sequence, and neither the pintle injector nor the thermocouple were
replaced, so the material of the pintle tip was actually not pure stainless steel before
test #6. Consequently, such material degeneration may make the thermocouple provide
the wrong results. Furthermore, the oxidation phenomenon of the tungsten-rhenium
thermocouple [28] may be another latent reason why the temperature measured by the
thermocouple is in contradiction with the ablation feature observed on the pintle tip in test
#6. The loose and faveolate structure that appears in the pintle tip puts the thermocouple
in an oxygen-rich environment with a high temperature and accelerates its oxidation and
malfunction. A more comprehensive mechanism about this phenomenon needs further
investigation in the future.

Except for the pintle tip that burned severely, Figure 25 shows that the region around
the second row of injection holes oxidized and turned blue. Particularly, such oxidization
with color change does not distribute uniformly along the circumferential direction. Con-
sidering the physical position of the thermocouple embedded in the dome head plate, this
uneven distribution may be caused by its disturbance in the head zone. Figure 26 also
shows a wavy shape at the edge of the oxidized region, and the wave crests correspond
with the first row of injection holes, while the wave troughs correspond with the second
row. The images with a magnification of 1000 times of the microstructures of the region
with the wavy shape in Figure 27 show that continuous net structures appear in the vicinity
of the side wall, which shares the same ablation mechanism as the pintle tip but behaves
weaker than the tip position.

Figure 26. Uneven distribution of oxidation and ablation feature around the injection holes.
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Figure 27. Microscopic feature in the vicinity of the second row of injection holes (BSD, x1000).

To sum up, the material of the pintle injector is easier to ablate at a high temperature and
high pressure. In future works, we will use the ultra-high temperature ceramics prepared by
Simonenko et al. as the protective coating to carry out follow-up research [29-32].

5. Conclusions

In this article, the ablation of the pintle injector in a 500N GOX/GCHy rocket en-
gine under different conditions is studied experimentally and numerically. Based on the
performed analyses and obtained results, the main conclusions can be summarized as
follows:

(1) The numerical simulations and experimental measurements obtained similar trends
for the temperature of the pintle tip under different working conditions. As the O/F ratio
and p. increase simultaneously, the pintle tip temperature declines first, and then rises. The
formation of a large recirculation zone in the chamber center significantly increases the
pintle tip temperature and affects the tip ablation status.

(2) Quantitative deviation between the numerical and experimental results on the
pintle tip temperature is not satisfactory, but the present numerical model helps us prelim-
inarily understand the flow and thermal environment of the pintle injector and why the
injector experienced severe ablation. A better numerical model with high fidelity needs
further development in the future.

(3) Due to the melting of the pintle injector material and the malfunction of the
thermocouple embedded in the pintle tip, the pintle tip temperature measured at the
design point is actually unreliable. The microstructure analysis indicates that the ablation
failure of the stainless steel pintle tip originates from Chromium precipitation. This is
especially pronounced when the temperature exceeds 1273 K, which generally makes
the structure fragile and vulnerable. The present results manifest that the stainless steel
material itself cannot resist high-temperature ablation for a GOX/GCHy,4 pintle engine,
whereas the injection orifices shape optimization, and positive/negative cooling measures
are required.
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Nomenclature

BF blockage factor

D diameter, mm

L length, mm

m mass flow rate, kg/s

O/F  mixture ratio of oxidizer to fuel
P pressure, Pa

T temperature, K

TMR total momentum ratio

U velocity vector, m/s

A thermal conductivity, W/(meK)
Superscript

CFD  numerical result
EXP  experimental result

th theoretical value

Subscript

a axial direction

c combustion chamber

e exit of the thrust chamber

f first row of pintle injection holes
fluid  fluid zone

gas combustion gas in the thrust chamber
4 pintle injector

r radial direction

S second row of pintle injection holes

solid  solid zone
tip pintle tip
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