
  

  
Abstract—Presented herein are metallic, additively 

manufactured hydraulic components comprising a set of 
competing pressurization diffusers as well as a set of competing 
relief check valves. The diffusers and check valves were grown 
out of a common material, Inconel 625. Then each set was tested 
for its cryogenic performance in cryogenic shock, flow testing, 
and vibration testing. This paper provides supporting evidence 
that metallic additive manufacturing components can be 
manufactured for use on launch vehicles, satellites, and re-entry 
vehicles. These hydraulic components – generalized for use with 
myriad aerospace, automotive, industrial, and seafaring 
applications – demonstrate a validation of metallic additive 
manufacturing as being at the forefront within the realms of 
both propulsion and materials science engineering. 
 

Index Terms—Additive manufacturing, cryogenics, 
hydraulics, propulsion, materials, launch vehicles, re-entry, 
spacecraft, check valves, pressurization diffusers, advanced 
manufacturing. 
 

I. INTRODUCTION 
Apriori investigation of candidate AM (additive 

manufacturing) components within the Boeing Enterprise led 
to selection of pressurization diffusers and hydraulic check 
valves as the apropos demonstrators for metallic, AM 
capabilities onboard vehicles that include, but may not be 
limited to, launch vehicles, re-entry vehicles, aircraft, 
rotorcraft, automobiles, underwater vehicles and even 
industrial plants. The paper chronicles the design and testing 
of these cryogenic components. As such, this technical 
evaluation accentuates internal financial evaluations, which, 
together, motivate the desirability of implementing metallic 
additive manufacturing on modern product-lines. Inconel 
was selected over titanium (Ti-6Al-4V) due to its resistance 
to corrosion. Within Inconel, IN625 was selected over IN718 
due to a greater strength-to-weight ratio in the absence of 
annealing IN718. 

 

II. APPROACH 
With chief interest in space exploration and the 

development of NASA’s Space Launch System and the 
Defense Advanced Research Projects Agency (DARPA)’s 
Experimental Spaceplane (XS-1) program, a Creative Design 
Workshop led to a battery of over 20 pressurization diffuser 
concepts (used to evenly disseminate fluid within a fuel tank 
for even mixing) and over 20 check valve/relief valve 
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concepts (used as the safety valve to expel excess pressure 
within a pressurization line, or while checking in the reverse 
direction to prevent particulates from contaminating the 
purity of the propellant tank fuel, be it monomethylhydrazine 
(MMH), hydrazine, nitrogen tetroxide (NTO), liquid oxygen 
(LOx), liquid nitrogen (LN2), kerosene, xenon, lithium, etc. 
The AM check valves served as a benchmarking against 
commercial off-the-shelf (COTS) components that may be 
purchased from Anderson Greenwood or used in heritage 
space missions [1], [2], [3]. Pressurization diffusers were 
down-selected to two competing designs on the basis of 
diffusion performance, liquid impingement, mass, pressure 
drop, conventional manufacturing difficulty, conventional 
manufacturing part count, AM difficulty, and AM part count. 
The AM diffusers served as a benchmarking against a 
multi-part, sheet-metal diffuser [4]. The designs were then 
grown by an AM supplier using Inconel 625 powder. The 
check valves were down-selected to two competing designs 
on the basis of flow check performance, vibration tolerance, 
pressure drop, mass, conventional manufacturing difficulty, 
conventional manufacturing part count, AM difficulty, and 
AM part count. The check valves were grown by a second 
supplier, also using Inconel 625 powder. Both pressurization 
diffusers and both check valves were shipped to a testing 
supplier. Both pressurization diffusers and both check valves 
were tested in a random vibration test to simulate the launch 
environment. Both pressurization diffusers and both check 
valves were tested in thermal shock to simulate a cryogenic 
space environment. Both pressurization diffusers were tested 
with nitrogen gas for flow testing and with helium gas for 
shadowgraph flow visualization testing. Both check valves 
were tested with nitrogen gas for flow testing (including 
cracking pressure), for reverse-flow check and for both 
internal and external leak rate. 

 

III. DESIGN 
The designed diffusion horn is expressed in Fig. 1. 
 

 
Fig. 1. Diffusion horn design. 

 
Flow-through area is determined by the diamond-shaped 
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flow-through holes which transition fluid from the internal 
chamber to the filling pot and then through the outlet. The 
designed inverted frustum is expressed in Fig. 2. 

 

 
Fig. 2. Inverted frustum design. 

 
Flow-through area is determined by (A.) a pattern of 

circular holes which transition fluid from the internal 
chamber to the filling pot and (B.) a pattern of diamond grid 
on the external shell which serves as the outlet. The inverted 
frustum’s center tube orifice area is designed for choke flow 
conditions. Choked flow equations were applied such that. 
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where mass flow rate is approximated for GO2 such that 

𝑚𝑂2 ̇ =  0.559𝐶𝐷𝐴𝑃𝑂
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,                           (2) 

where mass flow rate is approximated for GH2 such that 

𝑚𝐻2̇ =  0.14 𝐶𝐷𝐴𝑃𝑂

�𝑇𝑂
,                           (3) 

where �̇� is the mass flow rate, CD is the discharge coefficient, 
A is the area, Po is the upstream total pressure, g is the 
acceleration of gravity, γ is the specific heat ratio, z is the 
compressibility factor, To is the initial temperature, and R is 
the gas constant [5]. The compressible flow equation may be 
re-expressed in terms of Mach number at the diffuser inlet 
such that 
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where M is the Mach number [17]. 
The outer holes of the diffuser are sized using the 

sub-sonic flow equation such that 
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where P1 is the pressure between the inner cylinder and the 
outer shell, and P2 is the pressure just outside the 
diamond-pattern holes of the outer shell. 

To assess the performance of the diffusers, the diffusers 
were modeled at half-scale in FLOW-3D as axi-symmetric, 
compressible flow models. Models were ran to two seconds 
simulation time at half- scale. Figs. 3.1-3 depict the K-𝝎, 
RNG (renormalization group), and large eddy CFD results 
for the simulation of the diffusion horn. 

Fig. 4 depicts the K-epsilon turbulence model for the final 

iteration of the pressurization diffuser. 
Fig. 5 depicts the CFD model results for the inverted 

frustum in three loading accelerations. 
 

 
Fig. 3.1. K-𝝎 Simulation for pressurization diffuser. 

 
Fig. 3.2. RNG Simulation for pressurization diffuser. 

 

 
Fig. 3.3. Large Eddy simulation for pressurization diffuser. 

 

 
Fig. 4. Turbulence model for final diffusion horn iteration. 

 

 
Fig. 5. FLOW-3D model of inverted frustum 1 g, 3 g, and 6 g loading 

accelerations. 
 

 
Fig. 6. FLOW-3D simulation of conventional diffuser. 
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The Prandtl mixing length model is one of the earliest 
attempts to describe three-dimensional turbulence effects. It is 
the least complex model, and is no longer widely used. 
FLOW-3D includes it mainly for its usefulness in academic 
studies. The so-called one-equation model is also an early 
effort to represent turbulence. It calculates time-averaged 
turbulent kinetic energy k and requires a known turbulent 
mixing length LT at all locations. Since LT is not usually 
known ahead of time, the one- equation model is not suitable 
for modeling complex flows. 

The standard k-ε model (Harlow & Nakayama 1967) is a 
two-equation model that calculates both turbulent kinetic 
energy, k and dissipation rate, ε, and dynamically finds the 
turbulent mixing length LT [6]. It is an industry standard, and 
has been found useful for representing a wide range of flows 
(Rodi 1980) [7]. 

The renormalized group (RNG) k-ε model (Yakhot & 
Orszag 1986, Yakhot & Smith 1992) is a more robust version 
of the two-equation k-ε model, and is recommended for most 
industrial problems [8], [9]. It extends the capabilities of the 
standard k-ε model to provide better coverage of 
transitionally turbulent flows, curving flows, wall heat 
transfer, and mass transfer. 

The k-ω two-equation model (Wilcox 1988, 1998, 2008) 
defines the second variable not as turbulent dissipation ε but 
as ω ≡ ε/k (Kolmogorov 1942) [10]-[13]. Wilcox has 
improved upon the k-ω two-equation model since 1988. In 
1998 he introduced new coefficients that significantly 
improved the accuracy of the model for free shear flows. The 
k-ω two-equation model in FLOW-3D is thus suitable for 
modeling free shear flows with streamwise pressure gradients 
like spreading jets, wakes, and plumes. 

The LES (large eddy simulation) model does not use 
scalars to represent average turbulent kinetic energy, but 
rather resolves most of the turbulent fluctuations directly. It 
requires much finer mesh resolution than the two-equation 
models and provides more extensive statistics of the turbulent 
flow. The 2-D depth-averaged shallow water turbulence 
model assumes a logarithmic fully turbulent velocity. The 
first option assumes a constant drag coefficient CD, which 
may be spatially varied. The second 2-D depth-averaged 
shallow water turbulence model makes the drag coefficient 
CD a dynamic function of fluid depth and spatially variable 
surface roughness. 

The guidevane check valve design is shown in Fig. 7. 
 

 
Fig. 7. Guidevane valve design. 

 
Wall thickness was determined using the 

Modified-Goodman equations from Shigley’s and verified 
with the thick-wall approximation [14]. The spring was sized 
using Hooke’s Law to achieve a target cracking pressure of 5 
psig. The stacked disk valve design is shown in Figure 8. 

 

 
Fig. 8. Stacked disk valve design. 

 
Like the guidevane valve, the valve housing was sized with 

the Modified-Goodman equations from Shigley’s and 
verified with the thick-wall approximation [14]. The disks on 
the poppet assumed clamped-free boundary conditions and 
were sized for deflection using the Roark’s equations for 
circular disks. Equation 1 exhibits the disk deflection 
equation, such that 

𝑦𝑎 =  𝑀𝑟𝑏
𝑎2

𝐷
𝐶2 + 𝑄𝑏

𝑎3

𝐷
𝐶3 − 𝑞𝑎4

𝐷
𝐿11,           (6) 

where ya is the deflection at the tip; Mrb is the moment 
applied to the clamped connection to the center pylon; a is the 
outer diameter of the disks; D is the plate constant; and Qb, 
C2, C3, and L11 are defined according to according to Roark’s 
[15]. 

Pre-loading equations were applied to determine the 
proper torque on the fasteners for both valves; the fasteners 
were tightened in a star pattern. 

Inlet area and pressure drop were designed using the mass 
flow equation 

�̇� =  𝑐𝑑𝐴𝑜�2𝑔𝑐
144

𝜌𝛥𝑃,                         (7) 
TABLE I: ESTIMATED PRESSURE DROP 

 

 
 

where �̇�  is the mass flow; Cd is the coefficient for square 
edge, sharp-edge (and equivalent sharp edge orifice diameter 
(ESEOD)), and curved edge; and Ao is the orifice area [16]. 
Pressure drop was roughly approximated pursuant to Table I. 

The National Institute of Standards and Technology 
(NIST)’s Reference Fluid Thermodynamic and Transport 
Properties Database (REFPROP) was used for density 
calculation. 
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IV. RESULTS 
Vibration tests were conducted on both pressurization 

diffusers and both check valves. Since all four components 
survived vibration tests, data is provided solely on the 
stacked disk check valve, which exhibited potential 
frequency modes. Table II contains the breakpoints for 
acceleration spectral density of the vibration tests on both of 
the check valves. 

 
TABLE II: AM CHECK VALVE VIBRATION TEST SPECTRAL DENSITY 

BREAKPOINTS 

 
Table III contains the duration of the vibration tests applied 

to the pressurization diffusers. 
 

TABLE III: AM CHECK VALVE VIBRATION TEST SCHEDULE 

 
 
For all four devices, nine channels were used to measure 

response to random vibration: channels 1, 4 and 7 in the 
x-axis; channels 2, 5 and 8 in the y-axis; and channels 3, 6, 
and 9 in the z-axis. Trials two through five use the MD 
(memorized drive) function within the shake table’s 
Vibration Research VR 9500 vibration controller, which is a 
benchmarking against the drive signal calculated at -12 dB. 
The MD function allows for more precise response to input 
control as well as faster test scheduling. 

 

 
(A) Axial axis. 

 
(B) Radial axis. 

Fig. 9. Commanded spectral density of stacked disk valve. 

 

 
Fig. 10. Accelerometer data for stacked disk valve axial vibration test. 

 
Fig. 9 provides the commanded spectral density for the 

axial vibration test of the stacked disk valve. 
The red lines in Fig. 9 illustrate the desired band of 

commanded acceleration spectral density. This band is 
re-printed on Figs 10 and 11 to provide a frame of reference 
for response of the test article to commanded vibration 
loading. 

The axial vibration test results for the stacked disk valve 
are provided in Fig. 10 according to the aforementioned 

International Journal of Materials, Mechanics and Manufacturing, Vol. 6, No. 3, June 2018

202



  

channel allocation.  
 

 
Fig. 11. Accelerometer data for stacked disk valve radial vibration test. 

 
The radial vibration test results for the stacked disk valve 

are provided in Fig. 11 according to the aforementioned 
channel allocation. 

Fig. 12 shows the shadowgraph image of the helium flow 
test for both the diffuser horn and the inverted frustum, 
juxtaposed with results from the FLOW-3D simulation work 
of the design phase. Note the difference in fluid, upstream 
pressure and temperature.  

 
Fig. 12. Shadowgraph images of diffusion horn and inverted frustum during 

helium flow test. 
 

Fig. 13 shows a sampling of the nitrogen flow test at 80 
psia for both the diffuser horn and the inverted frustum. 

 

 
Fig. 13. Nitrogen flow test data for pressurization diffusers. 

 
The check valves were tested for cracking pressure using 

gaseous nitrogen. Fig. 14 depicts the cracking pressure for the 
guidevane valve. 

 

 
Fig. 14. Cracking pressure test for guidevane check valve. 

 
Fig. 15 depicts the cracking pressure test for the stacked 

disk valve. 
 

 
Fig. 15. Cracking pressure test for the stacked disk check valve. 
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Fig. 16 depicts the cracking pressure test for the stacked 
disk valve in a parametric plot. 

 

Fig. 16. Stacked disk valve cracking pressure test. 
 

Opening the valve may be characterized by the 
fourth-order regression of Equation 8, such that 

�̇�  op𝑒𝑛 = −0.0011𝑥4 + 0.1423𝑥3 − 5.6626𝑥2 + … 88.8446𝑥 − 
464.8955.                                                          (8) 

Closing the valve may be characterized by the regression 
of Equation 9, such that 

�̇�  cl𝑜𝑠𝑒 =  −0.0023𝑥4 + 0.2499𝑥3 − 9.0344𝑥2 + … 143.2156𝑥 
− 842.887.                       (9) 

Fig. 17 depicts the data collected for the water flow test of 
the guidevane check valve. 

 

 
Fig. 17. Guidevane valve water flow test. 

 
Fig. 18 depicts the data collected for the water flow test of 

the stacked disk check valve. 
 

 
 Fig. 18. Stacked disk valve water flow test. 

V. ANALYSIS 
We can see from the turbulence models that the inverted 

frustum appears to exhibit a greater performance in terms of 
distributing the incoming fluid towards the ceiling of the fuel 
cell. The conventional diffuser, shown in Fig. 6, simply 
directs the mixing outwards; whereas the inverted frustum, 
shown in Fig. 5, directs the high-temperature fluid upwards in 
1 g, 3 g and 6 g accelerations. 

Fig. 4 reveals that the diffuser horn performs slightly more 
poorly in terms of vectoring the high- temperature fluid 
towards the ceiling of the fuel tank than the inverted frustum. 
However, it can be seen that the diffuser horn does perform 
well in terms of reducing the flow velocity of the fluid within 
the diffuser horn due to viscous shear and mixing as the fluid 
flows along the curves of the outer reservoir, smashing into 
the side walls, before exiting the diffuser horn and entering 
the larger fuel tank. 

Perhaps the ideal diffuser would be a combination of both 
diffusers, a diffuser in the shaping of the diffuser horn that 
had an external, diamond grid at the exit, similar to the 
inverted frustum, which directed fluid up towards the ceiling 
of the tank. 

Fig. 12 shows images of the diffusers during Shadowgraph 
testing. Helium gas was used in order to provide contrast 
against the ambient nitrogen fluid. The helium gas is clearly 
directed upwards towards the ceiling. Note the conflated 
differences betwixt the Shadowgraph flow test and the 
turbulent models: the subscale shadowgraph used a more 
cost-affordable horizontal ceiling; whereas the full-scale 
turbulent model used the square-root tank wall boundary 
condition. Further, the Shadowgraph flow test implemented 
an ambient pressure of 100 psia; whereas the turbulent model 
implemented an ambient pressure of 60 psia. The 
shadowgraph implemented a gaseous helium fluid; whereas 
the turbulent models implemented a gaseous oxygen fluid. 
The shadowgraph assumed an ambient temperature of 
approximately 525 R; whereas the turbulent model assumed 
an ambient temperature of 850 R. Finally, minor differences 
may include, but not be limited to, the 250 µin Ra surface 
finish within the pressurization diffusers, fluid circulation 
within the test chamber, clogged holes inside the inverted 
frustum diffuser, the tear on the vertical wall of the diffuser 
horn, effects of chambering within the diffuser horn, 
alignment and misalignment of pin-holes and diamond holes 
in the inverted frustum, etc. 

The nitrogen flow test for the pressurization diffusers 
allowed each to be compared. Observing Fig. 13, at 80 psia, 
the diffuser horn had a much greater mass flow rate 
(approximately 0.44 lbm/sec) than the mass flow rate of the 
inverted frustum (approximately 0.25 lbm/sec). There is a 
choking effect as the fluid passes through the pin-holes in the 
inner-cylinder of the inverted frustum and then another 
resistance as the fluid passes through the diamond holes in 
the outer cylinder of the inverted frustum. Inspection of the 
frustum orifice holes indicated a reduction of effective flow 
area, resulting in a higher overall resistance as indicated by 
flow data. By comparison, while the diffuser horn also has a 
diamond grid of sonic orifices, leading from the inner 
cylinder to its outer cylinder, the fluid is able to more freely 
exit the S-shaped toroid of the outer cylinder without a 
secondary flow obstruction. Perhaps design of the inverted 
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frustum could be modified such that the sonic orifices of the 
inner tube are properly sized to account for the “roundness” 
of the orifice holes by AM processes. 

All four components survived cryogenic shock testing. 
Type-E thermal couples were attached to all four devices. A 
side-brew of liquid nitrogen served as a reference point to 
calibrate the thermal sensing of the liquid hydrogen which 
engulfed the components. 

All four components survived vibration testing. 
Prior to vibration test of the diffuser horn, there was a tear 

of approximately 1.636 cm in length on one of the vertical 
walls. The tear was marked prior to test. After the test, it was 
clear that there was no propagation in the tear, which is 
promising from the perspective of stress-fracture propagation 
during nominal operation. The inverted frustum yielded no 
deformation during vibration testing. The axial and radial 
acceleration spectral density data (not shown) indicate that no 
unordinary or resonant frequencies were observed under the 
applied spectral densities. 

For the check valves, the most damage-inducing vibration 
test was that in which each valve’s axi-symmetric z-axis was 
aligned with the plunging of the vibration table. For the 
guidevane valve, the valve repeatedly transitioned between 
open and closed position, implying that the tip of the valve 
was pounding against the valve housing. Post-test, inspection 
revealed a pitting on the tip of the poppet head as well as 
some abrasive marks in the valve housing. A flow test after 
the vibration test indicated that the guidevane valve would 
not seal, likely due to either the pitting or a misalignment of 
the guidevane poppet during vibration. Achieving perfect 
concentricity of a conical poppet with a conical orifice is 
rather taxing. A future design iteration to correct for this 
dilemma could include embedding an O-ring land within 
either the conical tip of the guidevane poppet or within the 
conical orifice of the guidevane housing, such that a Teflonor 
Kel-F O-ring could be installed. 

For the stacked disk valve, there were two concerns: first, 
the stacked disk valve poppet had the ability to rotate during 
vibration pressure, thus alleviation the intended cracking 
pressure (and cracking function) of the valve; second, the 
ability for the disks to flap against the shelving of the stacked 
disk housing. For the first concern, a design iteration could be 
to locate the threads on the same housing half as the shelves. 
While there was a C-ring installed in an attempt to lock in the 
rectilinear poppet location, it was rather difficult to pre-set the 
C-ring in the desired location. A tuning probe (approximately 
1.885 cm in diameter) was also used to rotate the poppet 
within the assembly in order to achieve a desired cracking 
pressure during flow tests, yet it was unclear whether the 
tuning probe slipped against the inner wall of the popper 
during rotation, leading to an unknown poppet location. For 
the second concern, disassembling the valve after vibration 
testing revealed burnishing marks on the poppet disks. If a 
lapping process is used in the future to fine-tune the seal 
between the disks and the housing shelves, the benefits may 
be altogether negated by such burnishing. Thus, two 
solutions are proposed. The poppet could be manufactured 
from a separate material than the IN625 metal housing. The 
poppet could be mold-injected with Kel-F or could be printed 
with malleable acrylonitrile-butadiene styrene (ABS) or 
polylactic acid (PLA). This hybrid metal-plastic valve would 

function quite well and would be quite feasible with existing 
technology. The test supplier believes in the resiliency of 
ABS and PLA in the cryogenic environment based on 
experience. The second solution would be similar to the 
solution for the guidevane valve poppet: embed an O-ring 
land within the disks of the stacked disk poppet to install a 
malleable, Kel-F O-ring. The dilemma with the second 
solution lies in that the disks of the poppet may have to be 
thickened; however, the thickness of the disks was sized per 
the Roark’s equations for a target cracking pressure below 20 
psig [15]. Volumetrically thickening the disks to account for 
a Teflon O-ring land near the edge would implicate swapping 
the IN625 for a more malleable material (e.g., Al10SiMg), 
but if swapping the material of the poppet is warranted, then 
the most affordable and most technically practical solution is 
attempting a plastic poppet. 

Similar to the pressurization diffusers, the axial and radial 
acceleration spectral density data for the guidevane valve 
indicate that no unordinary or resonant frequencies were 
observed under the applied spectral densities of the 
guidevane valve (not shown). However, the axial and radial 
acceleration spectral density data (Figs. 10-11) for the 
stacked disk valve exhibit a potential excitation of frequency 
modes around 700 Hz (see Ch. 2 and 7 in Fig. 10), 1100 Hz 
(see Ch. 7 and 8 in Fig. 11), and 2000 Hz (see Ch. 7 in Fig. 
10). Though noteworthy, the valve still survived, and modal 
oscillations may potentially be attributed to the test fixture 
used to clamp the stacked disk valve. 

For the functional capability of the check valves, gaseous 
nitrogen was used to observe their cracking pressures so as to 
validate the designed cracking pressures – using Hooke’s law 
in the case of the guidevane valve or using Roark’s equations 
in the case of the stacked disk valve. Fig. 24 depicts the 
cracking pressure for the guidevane valve at approximately 5 
psig, which was roughly half of the intended design. One 
explanation could be that the spring constant was provided 
during vertical operation, whereas the valves were tested in 
the horizontal position negating the influence of gravity on 
the spring constant. A recherché feature of the guidevane 
poppet included a step that allowed for the inclusion of shims 
(flat disks) that could be inserted over the central pylon in the 
guidevane valve to further compress the spring in the 
nominally closed position and increase the cracking pressure. 
Fig. 15 depicts the cracking pressure for the stacked disk 
valve. The stacked disk valve appears to crack at around 30 
psig. One of the interesting notations of tuning the stacked 
disk valve for cracking was the heightened sensitivity of 
cracking pressure to the rotation of the poppet, due to the 
stiffness of the IN625 material. In calculating the deflection 
of the disks, a stiffness of 30.1 Msi was assumed [17]. Tip 
displacement of the disks was calculated by rectilinear 
translation of the poppet. The spacing between threads 
indicated the degree of rotation to achieve a desired poppet 
translation that corresponded with a target cracking pressure. 
Fig. 16 depicts one hysteresis cycle of a nitrogen flow test. 
The inflection point on the lower curve indicates the opening 
of the valve at approximately 26 psig. The concavity of the 
curve suggests the non-linear effect of the fluid sequentially 
cracking each disk and traveling from upstream to the first 
chamber, followed by the second chamber and eventually out 
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the exit. The separation between the opening and closing 
curves may indicate a stick- friction that must be overcome to 
crack each of the disks. During the transition from the closed 
to the cracked regimes, a singing noise was heard, which was 
hypothesized as the disks chattering against the shelves. A 
fourth-order regression is provided for opening (Equation 8) 
and for closing (Equation 9) of the valve. 

Water flow testing of the guidevane valve and the stacked 
disk valves is depicted in Fig. 17 and Fig. 18, respectively. 
The maximum flow rate for the guidevane valve was 
observed at approximately 26 lbm/min with an upstream 
pressure of 40 psig. The maximum flow rate for the stacked 
disk valve was observed at approximately 3.8 lbm/min with 
an upstream pressure of 190 psig. At maximum flow rate, 
video footage shows that the guidevane valve exudes a 
turbulent flow, whereas the stacked disk valve exudes a more 
laminar flow. The two chambers between the three disks of 
the stacked disk valve creates a choking effect. Further 
analysis of the mixing between the chambers of the stacked 
disk valve could include a turbulent FLOW-3D model, the 
installation of pressure taps in the housing of the valve to 
provide data for each of the chambers, and/or the use of flow 
visualization [18]. 

 

VI. CONCLUSION 
An expansion of the project includes X-ray visualization of 

the devices in operation [18]. Thermal deformation software 
may be used to compensate warping in future builds [19], 
[20]. Our printers may be tuned, in terms of parameters of 
cross-hatch, scan speed, and laser power to minimize internal 
voids [21]. A variety of surface smoothing techniques may be 
tested. Generally, the test results were promising: the 
cryogenic components survived shock test and vibration test. 
Functionally, the pressurization diffusers directed the 
gaseous helium towards the top of the tank dome, and the 
check valves demonstrated an acceptable cracking pressure. 
Future design iterations are spread between this manuscript 
and pending invention disclosures. Supplier capability 
upgrades and enterprise strategy are suggested in an internal 
cost analysis. The design and test of the AM IN625 
components points to the feasibility of AM IN625 units for 
product-line cryogenic, hydraulic and/or propulsion 
applications. 
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