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The mARC II is a 30 kW arc-jet facility at NASA Ames Research Center used to generate
high-enthalpy flows for low-cost thermal protection system (TPS) technology development. Sus-
tained operation of downstream instrumentation and material samples is constrained by ther-
mal loading transmitted through the arc-jet test environment, limiting achievable run times
and experimental throughput. This work presents the design, integration, and validation of
a cooling sleeve implemented on the sweep arm drive motor feedthrough to mitigate thermal
accumulation during testing. The addition of the cooling sleeve is a simple, robust upgrade
that translates directly into enhanced facility capability by supporting longer run durations,
reduced turnaround time, and higher throughput.

I. Introduction

ARC-JET testing remains a cornerstone for material and TPS research where controlled, high-enthalpy environments
are required [1]. The mARC II facility supports this mission with a low-cost, flexible platform tailored to the de-

velopment of diagnostic techniques, instrumentation approaches, and material evaluation methods within a laboratory-
scale setting [2–11]. Prior work documented new measurement capabilities and started to map the operating envelope
of the two-disk arc-heater configuration in air, establishing reliable ranges for stagnation heat flux, stagnation pressure,
and enthalpy [12–14]. In parallel with these characterization efforts, we target a persistent bottleneck that limits exper-
imental cadence and throughput: thermal constraints on the motor feedthrough. This paper details the corresponding
cooling solution and its measured impact on facility operations.

II. Experimental setup
The mARC II is a 30 kW segmented constricted arc-heater that uses a Hypertherm MAX200 plasma cutter for

power supply and gas flow management. The cathode is housed inside the Hypertherm torch body and integrated into
the actively water-cooled arc-heater. The heater was designed in-house; inspired by the larger arc-jet facilities at the
Ames Arc-Jet Complex [15, 16]. It is composed of the cathode, constrictor disks, an anode, and a convergent-divergent
nozzle [17, 18]. Once a stable arc is produced inside the column, a plasma jet is exhausted into the test box. The
mARC II test box can reach medium (fine) vacuum conditions before the start of each run and to maintain constant
pressure after the addition of the test gas and arc-on. The nozzle flow is underexpanded which is desirable for testing
of samples [19]. The current version of the mARC II sweep arm system consists of a driving rotary motor, a vacuum
Ferrofluidic® feedthrough from Ferrotech, a shaft, and a sweep arm. In this work, we aim to improve mARC II testing
capabilities through the addition of a cooling sleeve for the feedthrough.
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Fig. 1 Experimental setup: (a) miniature Arc-jet Research Chamber (mARC II); (b) uncooled vacuum
feedthrough system and motor shaft; (b) trident sweep arm with high-temperature Refrasil insulating mate-
rial wrapping.

III. Feedthrough cooling sleeve

A. Design problem and objectives
Currently, the mARC II sweep arm is directly attached to the shaft of a rotary motor that uses a Ferrofluidic® vac-

uum feedthrough. This device allows the motor shaft to pass through a vacuum boundary. With increased interest in
novel TPS development, it is expected that customers will request long sample dwell times (>3 mins per sample). Pre-
liminary experimental data shows that the sweep arm temperature increases quickly, despite the use of high-temperature
Refrasil insulating material. According to the manufacturer, the entire feedthrough has a maximum operating temper-
ature of 80 ◦C. At the target dwell times for sample screening, and without active cooling, the plasma flow’s heat will
transfer from the arm, to the shaft, and then to the ferrofluid inside the seal quickly, reaching the limit temperature
before a full set of three samples on the trident can be screened.

The proposed solution is an aluminum sleeve that allows cooling water to directly contact the exterior of the
feedthrough in order to cool the inner ferrofluid.

B. Analyses
We use a three-stage analysis strategy which combines fluid dynamics simulations, heat transfer modeling, and a

thermo-mechanical stress analysis.

1. Fluid dynamic simulation
The first step is running a fluid dynamic simulation to understand what pressure will be present at the cooling sleeve

based on the supply pressure and geometric constraints in between. In order to do this, we use AFT Fathom, a 1D
incompressible flow solver commonly used to calculate pressure drop and pipe flow distribution in piping systems [20,
21].

1.1. Setup
The Fathom analysis uses the supply and return pressures as boundary conditions. The sleeves themselves are modeled
as valves with a set C𝑣:

𝐶𝑣 = 𝐾 ¤𝑉
√
𝑆𝐺w

Δ𝑝
, (1)

where ¤𝑉 = ¤𝑚/𝜌 = ¤𝑚/1000 = 3.185 × 10−4 m3/s is the volumetric flow rate for water, 𝑝 is the static pressure in kPa, and
𝑆𝐺w = 1 is the specific gravity for water, and 𝐾 = 4.16 × 104 is an SI unit conversion factor. The piping cross-section,
material, and number of bends were used as inputs to create the piping network model.

1.2. Results
Checking the results shows that the pressure drop across each sleeve is the same and matches the corresponding pipes
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Fig. 2 Piping system in Fathom.

inlet/outlet pressures as expected. Additionally, if we plug the pressure drop across the sleeves and the volume flow
rate back into Eq. (1), we obtain a 𝐶𝑣 that is only a 0.16% difference from the original value with arbitrary pressures
and volume flow rate. With these sanity checks, the primary result we are concerned with is the inlet/outlet pressures
for the two sleeves to use as boundary conditions in the heat transfer modeling presented in §III.B.2. Additionally, we
confirm that our pumps will be able to handle the estimated volume flow rate.

2. Heat transfer modeling
This section presents heat-transfer simulations performed in ANSYS Fluent 2025 R2, with pressure boundary con-

ditions prescribed from the Fathom one-dimensional solver results described in the previous section. The purpose of
these heat transfer simulations is to determine if a cooling sleeve applied to the outside of the motor feedthrough will
keep the assembly under the maximum operating temperature at maximum heating at steady state.

2.1. Material properties
The default material properties in Ansys Fluent are used for the aluminum sleeve and ferrofluid cover, and cooling water
– shown in Table 1. Data for 440C Stainless Steel is from the Aerospace Structural Metals Handbook [22]. For the
ferrofluid, the material properties were initially taken for a similar ferrofluid from the same manufacturer; however, the
exact properties are proprietary [23, 24]. In order to test the sensitivity of the ferrofluid thermal conductivity, another
analysis was run with a lower value of 0.13 W/(m-K) which is similar to other synthetic ester oils [25]. This resulted
in a less than 0.15% increase in the ferrofluid temperature; however, the lower value was still used to produce more
conservative results. Another simplification in the analysis is that the ferrofluid is modeled as a solid, since we are not
concerned with the movement of the liquid, and any mixing would result in more uniform cooling and an overall lower
maximum temperature.

2.2. Numerical setup
The inlet configuration corresponds to a jet interacting with a confined crossflow, a canonical class of flows character-
ized by strong shear-layer development and mixing-driven transport [26, 27]. Curvature-induced secondary motions
characteristic of flow in curved ducts are well documented in canonical analyses of turbulent internal flows [28].

Simulations were performed using ANSYS Fluent (2025 R2) employing the pressure-based solver formulation. A
steady-state solution strategy was adopted with absolute velocity formulation. Turbulence closure was provided by the
two-equation shear stress transport (SST) 𝑘–𝜔 model, selected for its robust performance in internal flows involving
adverse pressure gradients, curvature, and possible separation [29–34]. Low Reynolds number corrections were not
activated. Near-wall treatment utilized Fluent’s correlation-based automatic wall formulation. Default model constants
were retained, with the production limiter enabled to enhance numerical stability. Curvature correction, corner flow
correction, and viscous work terms were not included.

The energy equation was enabled in all cases to resolve thermal transport effects. Turbulent heat flux modeling
employed a constant turbulent Prandtl number, with both the energy and wall Prandtl numbers specified as 𝑃𝑟𝑡 = 0.85,
consistent with widely adopted engineering practice for internal turbulent flows [35]. Pressure–velocity coupling was
handled using the coupled solution scheme, with fluxes evaluated via the Rhie–Chow momentum-based interpola-
tion [36]. Spatial discretization employed a finite-volume formulation and spatial gradients were computed using the
least-squares cell-based method, consistent with standard CFD practice [37]. Second-order discretization was applied
consistently across governing equations: pressure employed a second-order scheme, while momentum, turbulent ki-
netic energy, specific dissipation rate, and energy equations utilized second-order upwind formulations. To enhance
convergence robustness, a pseudo-transient continuation approach was employed using a global time-step method, a
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Fig. 3 Vacuum feedthrough geometry and numerical discretization: (a) original CAD assembly; and (b) full
three-dimensional mesh showing refinement in regions of interest.

strategy commonly adopted to accelerate steady-state convergence in nonlinear flow systems [38, 39]. The fluid time
scale was determined automatically with a conservative length-scale formulation and a time-scale factor of unity.

Solution stabilization was controlled through explicit relaxation factors, consistent with standard iterative solution
practices for segregated and coupled finite-volume solvers [40]. Pressure and momentum relaxation factors were set
to 0.5, while relaxation factors for turbulent kinetic energy, specific dissipation rate, and energy were set to 0.75. The
turbulent viscosity relaxation factor was kept at unity.

Table 1 Material properties for heat transfer model.

Material 𝜆 [W/m-K] 𝜌 [kg/m3] μ [kg/m-s]
6061 T6 Aluminum 202.4 2719 −
440C Stainless Steel 24.2 7800 −

Ferrofluid 0.13 1240 −
Water 0.6 998.2 0.001003

2.3. Mesh
The steel shaft and bearing, ferrofluid, aluminum cover, cooling water, and aluminum sleeve are all modeled in Fluent.
The bearing in the Ferrofluidic® feedthrough is modeled as a solid piece of 440C stainless steel for simplicity. Bound-
ary layer inflation on the fluid domain was defined using a prescribed first-layer thickness. The final domain and mesh
is shown in Fig. 3, and mesh statistics are in Table 2.

For the SST 𝑘–𝜔 model, the wall-adjacent spacing was selected to resolve the near-wall region, yielding an area-
weighted mean 𝑦+ = 1.36 across wetted surfaces. Local maxima are confined to the inlet-duct entrance region, where
the imposed inlet condition transitions to a developing internal boundary layer, producing locally elevated wall shear
and thus slightly larger 𝑦+. The maximum observed value is 𝑦+ = 7, and the 𝑦+ histogram confirms that values above
𝑦+ = 5 occur over a negligible fraction of the wall area. All wall-adjacent cells satisfy 𝑦+ < 10, consistent with near-
wall-resolved RANS without wall-function dependence.

Table 2 Mesh statistics for heat transfer modeling.

Total Nodes Total Elements Element Size Max Skewness Average Skewness

3,935,372 17,718,911 0.254 mm 0.897 0.193
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2.4. Boundary conditions
The boundary conditions for the cooling water are taken from the Fathom results while the heating input is taken from
limited mARC II data. Symmetry boundary conditions are applied to the right and front plane of the model and exterior
faces that don’t have applied heating are assumed to be adiabatic. The most downstream sleeve is modeled since it will
have the highest fluid temperatures. The inlet pressure is taken from the Fathom results.

The primary source of heating for the sleeve and ferrofluid is conduction through the stainless steel swing arm.
During current testing, a self-imposed temperature limit of approximately 100 ◦C was assumed for the motor shaft,
reflecting a conservative engineering design margin which accounts for safety factors to guarantee it operates reliably
without failure. To learn about the heat transfer behavior during a run, the sweep arm is instrumented with a surface
thermocouple (Omega SA1-K) to measure the increase in temperature of the sweep arm during the dwell (Fig. 4) for a
run at 4 kW with the sweep arm at 69 mm from the nozzle. The data was collected before, during, and after insertion
in the flow. The data from this run is used for the initial heat calculation. Since this run was done using 4 kW of arc
power, the heat is scaled to represent the maximum heating scenario with 30 kW of power.

The heating is then calculated using:
𝑄1 = 𝑚𝑐𝑝Δ𝑇 , (2)

where 𝑚 = 0.0913 kg for the sweep arm and 𝑐𝑝 = 502.4 J/kg-K for stainless steel. We assume the Δ𝑇 is computed
between the linear temperature increase regime (100 s and 450 s):

Δ𝑇 = 75 ◦C − 30 ◦C = 45 ◦C = 45 K . (3)

As such, the heat energy (2) can be computed:

𝑄1 = (0.0913 kg) × (502.4 J/kg-K) × 45 K = 2057.3 J . (4)

The heat power can be calculated by using the duration:

¤𝑄1 =
2057.3 J

350 s
= 5.88 W . (5)

Because this test case was conducted at a 4 kW operating condition, the corresponding heat load was linearly
extrapolated to the maximum power-supply condition of 30 kW. This scaling is treated as a conservative engineering
estimate for the maximum-load case:

¤𝑄max = (5.88 W)
(
30 kW
4 kW

)
= 44.10 W . (6)

The resulting thermal load is transferred to the shaft through contact with the swing-arm mount. Contact resistance
at this interface is neglected, both for simplicity and to provide a conservative estimate of the heat conducted into the

Fig. 4 Heat transfer scaling: (a) single-mount sweep arm instrumented with a surface Type K thermocouple;
(b) measured sweep-arm temperature as a function of dwell time for Run 1 (4.0 kW) and Run 2 (4.4 kW).
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shaft. The contact area is approximately 9.77 ×10−4 m2, such that the heat flux is:

¤𝑞 =
44.10 W

(9.77 × 10−4) m2 = 45, 138 W/m2 . (7)

This is the heating value applied to the shaft in Fluent. To calculate the inlet temperature, we assume that all of the
heat applied to the shaft upstream is absorbed by the upstream cooling water, and that the maximum temperature limit
of the cooling system is 32.2 ◦C. The mass flow rate is taken from the Fathom results.

2.5. Results
The cooling sleeve to be fabricated has a maximum temperature near an O-ring, seen in Figure 5(a), but is only 311 K
(40 ◦C) and well within operating temperature range of many O-ring materials. The maximum temperature of the inner
ferrofluid is 341 K (68 ◦C), seen in Figure 5(a) where it contacts the shaft. This maximum temperature is expected to
be further dissipated by both free-flow convection and forced convection during shaft movement and is still below its
maximum operating temperature of 353 K (80 ◦C).

The bearing has a max temperature of 392 K (119 ◦C) furthest from the ferrofluid and closest to the shaft, seen in
Figure 5(a). This is the above operating temperature of the feedthrough system, though the overall volume above 353 K
(80 ◦C) is relatively low. The operating temperature of the bearing would be dictated by the dropping point of the grease.
While the specific grease properties were not available from the manufacturer, most lubricating greases have dropping
points exceeding 392 K (119 ◦C), indicating that the bearing is likely operating within its allowable temperature range.
A thermocouple will be installed on the shaft between the model holder and the bearing to monitor this temperature.

The end of the shaft reaches a much higher temperature than the rest of the bodies at 1134 K (861 ◦C), as can be
verified in shown in Fig. 5(b). This is expected since it’s the furthest from the cooling water, is directly contacting the
source of heating, and the steel has poor conductivity. However, 440C Stainless Steel has a rather high yield stress and
melting temperature at 1755 K (1482 ◦C) so it is expected to withstand the small stresses applied. The cooling water
only heats about 1 K between the inlet and outlet of the sleeve. This shows that we have a large enough flow rate to
ensure the entire sleeve is receiving appropriate cooling.

Fig. 5 Computed static temperature distributions: (a) sleeve and feedthrough assembly; and (b) motor shaft.

3. Thermo-mechanical stress analysis
In order to predict how the cooling sleeve deforms and what stresses develop when limit load temperatures and

pressures are applied, we employ ANSYS Mechanical Analysis to complete a thermo-mechanical stress analysis.

3.1. Material properties
The material used for the sleeve is round tube aluminum alloy ASME SB-241 A96061 T651 and all properties are taken
from the ASME BPVC Section II-D 2023 [41]. Baseline values are listed here, but the elastic modulus was input as a
tabulated function of temperature up to 260 ◦C.
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3.2. Mesh
A quarter symmetry was used to simplify the analysis, as shown in Fig. 6. Tetrahedral elements were used to mesh the
cooling sleeve and an element size of 0.3 mm was used based on a mesh sensitivity study. Mesh statistics are detailed
in Table 3.

Table 3 Mesh statistics for thermo-mechanical stress analysis.

Total Nodes Total Elements Element Size Max Aspect Ratio Average Aspect Ratio Elements with Aspect Ratio >3

3,926,826 2,870,353 0.3 mm 6.715 1.7662 1.42%

Fig. 6 Three-dimensional mesh of cooling sleeve with quarter symmetry.

3.3. Boundary conditions
A frictionless support boundary condition was applied to both symmetry faces. Since a set screw will be used to attach
the sleeve to the outside of the feedthrough, a fixed support boundary condition was used where the treads will be.

In this analysis the maximum design pressure for the system is applied and the stress compared to the ASME
allowable stress at design temperature for a worst case approximation.

The design pressure was based on the maximum allowable water pressure for the system while taking into account
negative vacuum pressure on the outside of the sleeve. This was applied to all wetted surfaces and the inner O-ring
surfaces to be conservative.

3.4. Results

Figure 7 shows the equivalent von-Mises stress and total deformation results. The maximum stress is located at
the edge of the water port, where the hole of the inlet causes a 300% stress intensity of the approximately 6,600 kPa
hoop stress in the cylinder [42]. The maximum stress of 19,870 kPa shown in Fig. 7(b) is well below the allowable
stress of 75,150 kPa as listed in ASME BPVC Section II-D 2023 [41], yielding almost a safety factor of 4. The
maximum deformation in the sleeve is seen near the O-ring groove in Fig. 7(c). However, it is minimal at 2.2× 10−3 mm
(83.5 × 10−7 in), and is not expected to cause enough deformation to compromise the seal.

C. Discussion
The temperature of the feedthrough body and internal ferrofluid are all kept within operating range by the addition

of a cooling sleeve, though the bearing may need to be looked at more closely. The shaft itself reaches significantly
high temperatures away from the feedthrough near the source of heating of the swing arm. As such, the shaft surface
thermocouple should be monitored in real-time during long and high power runs to ensure it maintains sufficient strength
to hold the model, which may require further analysis. Future cooling options that provide cooling to the swing arms
themselves could be explored in order to decrease the shaft and swing arm temperature. The cooling water does
not increase in temperature significantly so boiling is not a concern. Additionally, the fabricated sleeve does not see
significant thermal stresses or pressure, and is well within the allowable stress given in the BPVC II for the material [41].
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IV. Conclusions
In this project we formed a simple cooling sleeve design to protect the feedthrough component in our sweep arm

assembly of the mARC II facility. This involved an analysis process that considered fluid dynamics, heat transfer,
and mechanical stresses. Results show that at the highest predicted heating conditions, the cooling sleeve keeps the
majority of the feedthrough within allowable operating temperatures. These results demonstrate that the cooling sleeve
will greatly improve mARC II’s capabilities by increasing sample dwell times, throughput, and reducing turnaround
time between runs.

Future work will incorporate additional surface thermocouples along the sweep arm or shaft assembly. This will
provide additional experimental data on the heating rate at different arc powers and nozzle distances. We also plan to
re-design the sweep arm to allow for more than three samples in a single run, further increasing throughput.
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