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1.0  Executive Summary 

One of the key elements in realizing a mature market for hydrogen vehicles is the deployment of 

a safe and efficient hydrogen production and delivery infrastructure on a scale that can compete 

economically with current fuels.  The challenge, however, is that hydrogen, being the lightest 

and smallest of gases with a lower viscosity and density than natural gas, readily migrates 

through small spaces and is difficult to compresses efficiently.  While efficient and cost effective 

compression technology is crucial to effective pipeline delivery of hydrogen, the compression 

methods used currently rely on oil lubricated positive displacement (PD) machines. PD 

compression technology is very costly, has poor reliability and durability, especially for 

components subjected to wear (e.g., valves, rider bands and piston rings) and contaminates 

hydrogen with lubricating fluid.  Even so called “oil-free” machines use oil lubricants that 

migrate into and contaminate the gas path.  Due to the poor reliability of PD compressors, 

current hydrogen producers often install duplicate units in order to maintain on-line times of 98-

99%.  Such machine redundancy adds substantially to system capital costs. As such, DOE 

deemed that low capital cost, reliable, efficient and oil-free advanced compressor technologies 

are needed.   

 MiTi’s solution is a completely oil-free, multi-stage, high-speed, centrifugal compressor 

designed for flow capacity of 500,000 kg/day with a discharge pressure of 1200 psig. The design 

employs oil-free compliant foil bearings and seals to allow for very high operating speeds, totally 

contamination free operation, long life and reliability. This design meets the DOE’s performance 

targets and achieves an extremely aggressive, specific power metric of 0.48 kW-hr/kg and 

provides significant improvements in reliability/durability, energy efficiency, sealing and 

freedom from contamination. The multi-stage compressor system concept has been validated 

through full scale performance testing of a single stage with helium similitude gas at full speed in 

accordance with ASME PTC-10.  The experimental results indicated that aerodynamic 

performance, with respect to compressor discharge pressure, flow, power and efficiency 

exceeded theoretical prediction. Dynamic testing of a simulated multi-stage centrifugal 

compressor was also completed under a parallel program to validate the integrity and viability of 

the system concept. The results give strong confidence in the feasibility of the multi-stage design 

for use in hydrogen gas transportation and delivery from production locations to point of use.   
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5.0 Introduction 

To meet the transmission and delivery compression needs of the DOE, novel and advanced high-

speed, oil-free centrifugal compressor system technology is needed.  MiTi has shown that three 

multi-stage centrifugal compressor frames, operating in series at speeds of 56,000, are both 

necessary and feasible.  These high operating speeds, which exceed the highest current pipeline 

compressor speeds by a factor of 3-times, are needed because of the low molecular weight of 

hydrogen.  In earlier SBIR efforts, MiTi demonstrated that centrifugal compressor stages 

employing advanced 3-D aerodynamic designs, combined with oil-free compliant foil bearings 

and close clearance compliant seals, make up the most critical components for the hydrogen 

transportation and delivery systems.  Under this program, the compressor blade tip speeds of 

1600 ft/sec (seen in advanced gas turbine engine components) and bearing DNs greater than 3 

Million (where D is diameter in mm and N is speed in rpm), and exceed the capabilities of state-

of-art (SOA) oil-lubricated bearings by a factor of 2 or more1, are demonstrated.  The double 

entry, multi-frame design was chosen to minimize thrust loads, machine complexity and power 

loss.  This multi-frame system concept also offers a high degree of modularity to account for 

differing inlet conditions and requirements. For example, if inlet pressure conditions are lower 

than our reference inlet condition of 500 psig, then it would be possible to use more frames and 

or more stages per frame, as needed, to achieve the desired output conditions.  This concept also 

incorporates an intercooler between frames for improved efficiency and packaging because the 

proposed compressor is approximately 20 times smaller in volume than SOA compressors.   

MiTi has identified that SOA natural gas pipeline centrifugal compressors are unsuitable for 

economic transportation of hydrogen due to the use of moderate tip speed shrouded wheels; large 

clearances between the rotating components and stationary seals; and the emphasis on reliability 

over performance. A high compressor blade tip speed is important, as noted in the Euler 

turbomachinery equation: 1122  CUCUWx 
, which relates the work delivered to the flow per 

unit mass to the change in exit velocities.  Knowing the work delivered to the gas, the pressure 

ratio 
     )1/(

11220/1



kk

pTotal CUCUTCpr 
 may be determined where U = blade speed 

and C = absolute velocity, k=Cp/Cv, η = efficiency and T0 = temperature.  Given that pressure 

rise is a function of the velocity squared23, the selected compressor design needs to impart a very 

high velocity and, hence, kinetic energy to the hydrogen since it is the smallest and lightest of 

elements.  The shrouded centrifugal compressor design, having moderate tip speeds, will not 

permit the needed hydrogen pressure rise without a substantial increase in the number of stages 

or increases in tip speed.   However, the needed speed increase is not possible in a shrouded 

wheel because the stresses at the shroud/blade interface will exceed material strength limits. 

Increasing the number of stages results in insurmountable rotordynamic challenges and increased 

radial and axial motions that will further increase seal clearances and, hence, leakage. The 

solution is, therefore, MiTi®’s unshrouded/open centrifugal compressor impeller system. Open 

impeller designs are commonly used in SOA helicopter gas turbine engines and turbochargers.  

While these compressors can achieve efficiencies at or above 80%, they need to operate at or 

near optimum speed and must maintain very small axial and radial clearances. By designing 

fewer stages per frame, it is easier to maintain small tip clearances; therefore; the design 

approach of using three independent frames, each operating at near optimum speeds for several 

stages, was chosen.  Given the requirements for high tip speed and an open impeller design with 
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its stringent tip clearance requirements, it is easy to see why existing natural gas pipelines 

centrifugal compressors are unsuitable for hydrogen compression.   

 

6.0 Technical Objectives 

The overall objective of this effort was to demonstrate the integration of key technologies, 

needed to develop reliable and cost effective high-speed, oil-free centrifugal compressors, 

capable of meeting the DOE hydrogen transportation and delivery goals of 100,000 to 1,000,000 

kg/day and at pressures to 1200 psig in a pipeline distribution system. Assuming an inlet pressure 

condition of 500 psi, this constitutes a pressure ratio of 2.4.  

The MiTi team has met the program objectives by conducting an iterative design technique to 

converge of the most feasible solution.  This design technique consisted of component level 

analysis of the compressor aerodynamics, stress analysis, material selection and rotor-bearing 

system dynamics. Following design, fabrication of the selected centrifugal compressor stage, and 

the corresponding oil-free bearings and seals was completed. Finally, testing of a single stage, 

high-speed, full-scale centrifugal compressor and oil-free compliant foil bearings was performed 

under realistic conditions using a similitude gas (helium) to verify aerodynamic performance.  

The specific tasks of this program included:  (1) Preliminary oil-free, multi-stage high-speed 

centrifugal compressor system design; (2) Detailed design of a full-scale centrifugal compressor 

stage; (3) Mechanical component detailed design of the oil-free bearings, seals and shaft system 

needed to test the compressor stage; (4) Test hardware fabrication; (5) Dynamic test; (6) 

Compressor performance test; (7) System design refinement; and (8) Program management and 

reporting. 

6.1 Preliminary Design 

A series of tradeoff studies was performed to demonstrate the feasibility of the proposed 

compressor concept, including identifying operating conditions and technologies critical to 

successful system development.  These trade studies provided the information needed to define 

requirements for the key subsystem components, such as oil-free bearings, seals, material 

compatibility and aerodynamic components. Two compressor configurations were considered: a 

double-entry flow configuration to inherently balance thrust versus a single entry flow 

compressor for easier control of blade clearance. Following the trade-off study, a single 

compressor stage was selected for more detailed design and subsequent experimental validation. 

6.2  Detailed Compressor Design 

Following a preliminary design concept, a single compressor stage in detail and sufficient to 

fabricate the stage for testing in a realistic environment, was completed.  Using the results of the 

preliminary design, the detailed design of the selected stage was prepared.  The complete stage 

design included the inlet flow path, compressor impeller, diffuser and return channel. A volute 

was also designed for use. Three-Dimensional Computational Fluid Dynamic (CFD) 

aerodynamic software was used to evaluate and refine the compressor stage flow path design. 

Input data for the CFD analysis included impeller exit width and blade angle, impeller tip and 

hub radii, and the leading edge blade angle, as determined from flow velocity triangles. 
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Using the established input parameters in the CFD model, an iterative aerodynamic design was 

completed to finalize blade angle, impeller width and blade exit angle and establish the impeller 

blade passage profiles to minimize internal flow turbulence.  Impeller tip clearance was also 

evaluated. Following the CFD analysis, 3-D FEA was completed to ensure that stresses remained 

below critical threshold for the selected material, especially given the hydrogen environment.  

Materials known to be compatible with hydrogen and not susceptible to embrittlement, were 

reviewed and selected. When the compressor stage design was completed, the necessary 

fabrication design drawings were prepared for use in the hardware fabrication task. For single 

stage compressor testing a volute was used rather than a return channel which is only necessary 

in multi-stage compressors. The volute design was completed and drawings were created for 

fabrication. 

6.3  Detailed Mechanical Component Designs 

Given the expected high operating speed for the compressor stage, the criticality of maintaining 

blade tip clearances, and the importance of the bearing and seal losses to the overall system 

efficiency, it was imperative that the bearings and seals were properly designed and integrated 

with the test compressor stage.  Therefore, the purpose and outcome of this task was the design 

of the oil-free bearings and non-contacting seals, needed to support the compressor rotors in a 

hydrogen environment. 

Using the compressor sizing, blade tip clearance criteria and rotordynamic analysis, the foil 

bearings and seals were designed.  Using coupled elasto-hydrodynamic design analysis for 

compressible fluid films and compliant elastic bearing surfaces, iterative design solutions were 

evaluated.  Design studies were conducted to determine the detailed bearing and seal designs 

capable of meeting stiffness, load and differential pressure requirements of the compressor rotor 

system.  Key design criteria included limiting rotor axial motion so that blade tip clearances were 

maintained, minimization of bearing/seal power loss and minimization of seal leakage.   

6.4 Hardware Fabrication 

Following a detailed mechanical design, the full-scale hardware needed to complete testing of a 

single compressor stage with a similitude gas (helium) was fabricated.  Once the compressor, 

bearing design and critical design review were all completed, all necessary hardware was 

fabricated for testing.  Compliant foil seals were not required in the single stage test 

configuration, as the system was hermetically sealed and no inter-stage sealing was required. The 

test compressor stage hardware fabricated included the inlet passage, impeller, diffuser and 

volute. Journal and thrust compliant foil bearings were fabricated to support the single stage 

compressor test. All fabricated hardware was inspected to ensure compliance with the 

manufacturing drawings produced under Task 3.  

 

6.5 Performance Testing 

The purpose and outcome of this task was to validate the compressor aerodynamic and the rotor-

bearing-seal system designs through full-scale tests. Following bearing and seal mechanical 

component validation testing, the compressor was installed in appropriate compressor stage 

testing facilities. The compressor test facility included all key elements of the designed 

compressor stage and was instrumented to record inlet mass flow, temperature and pressure, as 
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well as pressures and temperatures throughout the flow path and exit.  For these tests, the 

industry standard ASME PTC-10 code for testing and validating compressor designs was 

followed.  Tests were conducted at different inlet conditions to demonstrate stability and 

performance under varying conditions, simulating both lower and higher inlet pressures than the 

reference. Aerodynamic performance was validated through testing with a similitude gas 

(helium) using standard methods for Type 2 tests in accordance with PTC-10. While these tests 

adequately confirm mechanical performance of the single-stage compressor, material 

compatibility issues related specifically to hydrogen embrittlement with the selected titanium 

alloys were also studied and testing performed on representative titanium samples. A thorough 

literature survey was conducted and the most appropriate materials were determined for different 

components of the compressor, including shafting, foil bearings and compatibility of coatings. 

Due to a limited amount of experimental testing found in the literature, especially in high 

pressure hydrogen environments, it was decided to perform fracture testing in high pressure 

hydrogen. These tests were performed at Sandia National Laboratories with the objective to 

identify the effects of hydrogen on fatigue crack growth. The tests were conducted on compact 

tension specimens, according to ASTM standards, in both air and hydrogen environments at 

1200 psig.   

6.6 Design Refinement 

Based upon the data acquired from both component and compressor stage testing, the hydrogen 

centrifugal compressor design concept was refined to account for the differences identified 

between test and analysis.  This stage design was then used as the reference for subsequent 

scaling and streamline trimming, as needed to configure the full multi-frame, multi-stage 

modular compressor system concept.  Using the reference design, compressor system 

performance, intercooler heat load and total driving power required per frame was estimated.  

Finally, having identified the total system configuration, estimates of capital costs were made 

and compared to the established DOE capital cost milestone. 

6.7 Project Management and Reporting 

MiTi has managed the program technical activities, schedule and costs to accomplish program 

objectives.  Program management functions included preparation and delivery of required 

technical, schedule and financial reports.  Reports and other deliverables were provided in 

accordance with the Federal Assistance Reporting Checklist, following the instructions included 

therein.  The MiTi Program Manager was the primary technical focal point between the 

Contracting Office Technical Representative and the project team.   

7.0 Results: Compressor Design 

The overall design of the oil-free centrifugal hydrogen compressor followed a multidimensional 

iterative process consisting of aerodynamic analysis, design of foil bearings and seals, finite 

element stress analysis, rotordynamic stability analysis, provisions for manufacturing and 

economic analysis, single stage compressor design, and manufacturing and installation of the 

compressor station.  This design methodology is illustrated in Figure 1. Although each set of 

analysis are presented in this report as separate sequential sections, it should be noted that many 

iterations were performed during the design and analysis effort. 
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Figure 1.  Conceptual integrated systems approach to compressor design 

 

7.1 Preliminary Aerodynamic Design (Task 1) 

In order to determine the approximate diameter and operating speed of the proposed compressor 

system, a preliminary sizing study was performed.  This was accomplished using MiTi’s 

proprietary, in-house software tools and also referencing commercial aerodynamic performance 

computer code.  The preliminary design study began with an analysis of the first compression 

stage that will later form the basis for the multi-stage frames. The proposed pipeline compressor 

will employ a double entry configuration whereby the flow entering the compressor will be split 

in half, feeding each impeller stage with 250,000 kg/day, or half of the total projected flow.  The 

justification for this design strategy is discussed in further detail in later sections.  Sizing of the 

first compression stage began with review of non-dimensional performance data in literature, 

such as the curve presented in Figure 2.  The non-dimensional performance curve presented is 

based on a collection of empirical data and provides reasonable approximation of expected 

performance from a centrifugal stage.  The adiabatic efficiency of a single stage is shown to be 

highly dependent on the compressor’s flow coefficient (Φ), a dimensional measure of the volume 

of flow that passes though a stage relative to the stage size and surface speed.  Flow coefficient is 

defined as: 
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2

2in

m

r U 
    Eq. (1) 

where m  is the mass flow, ρin is fluid density at the stage inlet, r is the compressor wheel radius 

and U2 is the tip speed of the compressor wheel.  The data presented is empirical and some 

deviation about this trend is possible; however, in order to develop the most efficient centrifugal 

compressor stage to meet the DOE’s projected targets, it is crucial for the proposed compressor 

to have a flow coefficient at or near a value of 0.1. 
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Figure 2. Expected stage adiabatic efficiency as a function of non-dimensional flow coefficient.[adapted from 

Aungier, R., “Centrifugal Compressors”, ASME, 2000] 

 

As a starting point for the preliminary design analysis, the flow coefficient was assumed to be 

held constant at 0.1.  Both the mass flow and inlet pressure were fixed inputs to this design 

problem.  As a reasonable assumption, the inlet gas temperature was assumed to be 100 oF so 

that gas density could be determined.  This leaves only two remaining variables from equation 

(1) undefined: compressor diameter and tip speed.   

 

The flow coefficient has been fixed to assure that this design study will yield a compressor 

concept capable of achieving the DOE’s target for adiabatic efficiency.  The second critical 

design requirement is to design a compact compressor system with the fewest number of stages, 

which is crucial for a concept that will also meet the DOE’s targets for capital cost and footprint.  
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To achieve the objective 1200 psi discharge pressure in the fewest number of stages possible, 

maximum pressure ratio per stage is desired.  The principle of operation of a centrifugal 

compressor is the conversion of kinetic energy from a rotating shaft to potential energy 

(pressure) in the working fluid.  This kinetic energy is imparted on the gas through the high tip 

speeds of the compressor; however, centrifugal stresses present in the impeller and rotor provide 

a practical limit for the maximum achievable tip speeds for any realistic application.  In addition, 

the potential for hydrogen embrittlement in this application may warrant increased safety margin 

with respect to the ultimate yield strength of the shaft materials.  Therefore, a design trade-off 

must be considered, where some reduction in aerodynamic performance should be incurred in 

order to produce a robust machine with longer life and reduced risk.      

 

An aerodynamic performance trade-off study was conducted using commercially available 

software to determine the maximum pressure ratio to expect from one centrifugal compressor 

stage.  Performance was predicted at tip speeds of 1,000-2,000 ft/s.  For this tradeoff, a stage 

flow coefficient of 0.1 was assumed for all cases. Each tradeoff design point evaluated represents 

a separately designed compressor stage, which was optimized for the imposed tip speed and 

geometry conditions.  Each stage consisted of the impeller, crossover and return channel.  In 

Figure 3, the results indicate that a pressure ratio of 1.16 to 1.18 was predicted at surface speeds 

of 1,800 ft/s to 2,000 ft/s.  With a pressure ratio of 1.16 or greater, it can be seen that, to reach 

the desired 2.4 pressure ratio, 6 or less total stages would be required.  While the relatively low 

stage count would be attractive and produce a smaller machine footprint and high power density, 

the centrifugal stresses on the rotating components will be high due to tip speeds. In the presence 

of high pressure hydrogen in this application, operation at high tip speeds is even riskier due to 

material complexities that arise due to embrittlement.  These factors would inevitably result in 

higher cost materials and manufacturing requirements for the rotating components.  The high 

surface speeds would require higher cost static components for safety and containment needs.  

Therefore, in order to achieve the performance requirement yield of a low cost design strategy, 

MiTi decided to maintain tip speeds at or below 1,800 ft/s.  At 1,800 ft/s, we expect that a single 

stage compressor will achieve a pressure ratio of approximately 1.14 per stage and will achieve 

the necessary total pressure ratio of 2.4 with 6 stages.  A more conservative and inevitably lower 

cost design would be to select 1,600 ft/s, which requires 8 stages to achieve 2.4.  However, due 

to small pressure loss between frames, through intercoolers and to account for some performance 

degradation due to increasing temperature in subsequent stages, an additional stage will be likely 

be required. 
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Figure 3. Predicted pressure ratio achieved in a single stage as a function of tip speed.  Flow coefficient of 0.1 

held constant for all design points. 
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Figure 4. Effect of compressor tip speed of number of stages required to meet the required 2.4 pressure ratio. 

The multi-stage system will consist of modular compressor frames each with a single rotating 

shaft.  Each rotating shaft will consist of a maximum of 3 compression stages operating in series. 

Each shaft will be directly driven at the same speed without use of a gearbox.  The justification 

for using no more than 3 compressor stages is due to resonant frequency limitations; further 

details are presented in Section 10.0.  The use of three identical frames, each containing a single 

shaft, will also providing opportunity for gas inter-cooling and allow for design modularity 

should performance requirements vary in the future.  Again using CompAero software, the 
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performance of the multi-stage frame was investigated in further detail.  In Figure 5 the 

performance of combined multi-stage compressor system is plotted at several operating speeds.  

Intercoolers were assumed between each frame with a maximum of three stages per frame.  The 

solid lines indicate discharge pressure and required power from the “full speed” condition (1,800 

ft/s).  The 95% speed and 90% speed conditions refer to tip speeds of 1,700 and 1,600 ft/s, 

respectively.  Despite the small pressure drop experienced with intercoolers, the reduced power 

requirement more than justifies their inclusion in the system.  It was also observed that the use of 

intercoolers would make it easier to match performance between stages and, thus, contribute to 

higher overall system performance.  The results indicate that the full-speed condition would 

require seven stages to achieve the 1,200 psig discharge pressure, while the under-speed 

conditions would require eight and nine stages, respectively.  
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Figure 5.  Multi-stage performance prediction at three operating speeds 

 

Based upon the results presented thus far in this section, as well as results from more detailed 

analysis in later sections, it was concluded that the reduction in capital cost, increased safety and 

greater reliability afforded by the lower risk 1,600 ft/s design case would outweigh the 

performance gain with the higher risk 1,800 ft/s design speed.  Therefore, an operating speed of 

1,600 ft/s was selected for further design analysis in this study.  Rotating machinery operating at 

or above 2,000 ft/s is, typically, reserved for exotic applications where peak performance 

outweighs any requirement for long-life, low cost or reliability.  It is MiTi’s opinion that the 

reduction in risk for this application outweighs the performance benefits gained (two fewer 

stages) by designing for the  at 1,800-2,000 ft/s.   Should the phenomenon of hydrogen 
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embrittlement become better understood in the future, such higher operating speeds can be 

considered. 

With a tip speed of 1,600 ft/s and a flow coefficient of 0.1, the compressor diameter can be 

determined through evaluation of equation 1.  The proposed centrifugal compressor will have a 

diameter of 6.5” and operate at a speed of 56,414 rpm.  Given preliminary blade angles and 

heights, a 3D solid model was generated (Figure 6) to aid in design of the multi-stage system for 

performance of stress analysis and to build an FEA model for rotordyanamics.  

 

Figure 6. Preliminary geometry of the proposed single stage centrifugal 

compressor 

 

Other preliminary design techniques were also investigated through the course of this program to 

enhance performance without exceeding the maximum allowable tip velocity.  The two most 

common approaches used in compressor design to increase performance (i.e., increase discharge 

pressure per stage) are employing forward-swept blade angle and employing vaned diffusers.  A 

single compression stage was analyzed to determine the performance gain of forward-sweep and 

vaned diffusing.  The results of each analysis are shown in Figure 7. 
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Figure 7.  Alternative design approaches investigated of a single compressor stage 

 

As expected, discharge pressure is found to increase in both cases.  The costs of these 

approaches, however, are increased power requirement, increased manufacturing costs and 

decreased surge-choke margin.  In the multi-stage analysis, both a vaned diffuser and a forward-

swept blade resulted in about 8% differential pressure improvements.  The power penalty was 

much greater with the forward-swept blade (15%) compared to only 2% from the vaned diffuser.  

If we are to consider multi-stage compressor performance at off-design conditions, the forward-

swept blade approach greatly increase the likelihood of system instability.  MiTi realizes that 

operating conditions could vary greatly in the application, including off-design flow conditions.  

For this reason, the most versatile, stable and cost-effective design is a three-frame design with 

back-swept impeller blades.  However, the use of a vaned diffuser, given the improved pressure 

ratio and efficiency, is preferred for this application. 

Based on the preliminary results described above, a complete system layout was drawn (Figure 

8).  The system contains three frames (nine stage total) coupled to a single rotating shaft.  Also 

shown, intercoolers are located beneath each compressor frame, drive system and transmission. 

The design includes three frames for the hydrogen compressor capable of 500,000 kg/day with a 

pressure ratio of approximately 2.4.  The rotors in all three frames operate at the same speed of 

56,000 rpm with tip velocities kept to 1,600 ft/s to assure a structurally and economically 

feasible design.  Each frame is a double entry design consisting of three back-to-back 

compression stages (Figure 9).  The design includes vaned diffusers and a return channel. The 

final stage of each frame discharges to a volute. 
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Figure 8.  Full system layout shown with three-frame compressor, intercoolers, and drive 

system.  A cut-away of a single frame (lower-right) 

 

 

 

Figure 9.  Three-quarter cut-away view of a single frame of the 

MiTi® hydrogen compressor design 

 

The next step in the design process included several iterations between aerodynamic 

performance prediction, and structural and rotordynamic analysis. In the early stages of design, 

identical stage geometries were assumed as a cost effective measure.  However, that approach 

produced marginal stability and minimal surge margin.  Rather than using truly identical stages 

throughout, frames 2 and 3 have been designed with alternate shroud contours.  The technique of 

reprofiling the impeller and diffuser dramatically improves stability without the added cost of 

designing and manufacturing unique compressor stages.  A comparison of the identical stage 

solution to the reprofiled stage solution is shown in Figure 10. The additional pressure margin 

achieved in the reprofiled design is due primarily to the addition of the vaned diffuser.  The use 

of a vaned diffuser in the identical stage design was not practical because it would only add 

instability to an already unstable design.   

http://www.miti.cc/


Oil-Free Centrifugal Hydrogen Compression  DOE Grant No.:  DE-FG36-08GO18060 

23 

Mohawk Innovative Technology®, Inc.    URL: www.miti.cc 

1037 Watervliet-Shaker Road, Albany, NY 12205   Phone: (518) 862-4290, FAX: (518) 862-4291 
 

  

 

Figure 10. Predicted performance of the 9-stage hydrogen compressor 

 

7.2 Single and Double Entry Compressor Concepts 

During the course of the design effort, collaboration between MiTi and MHI was conducted 

regularly.  This collaboration was conducted via phone conversations, emails and a personal visit 

to MHI facilities in Hiroshima, Japan by the program principle investigator (PI).  During the 

visit, details regarding the MHI compressor design and future plans for testing were discussed. 

Two distinct design concepts were proposed as a result of this collaboration.  A summary of the 

two design approaches investigated are provided in Table 1.  The primary difference between the 

MiTi and MHI approach is related to the inlet flow.  The MiTi design uses a double-entry 

technique, which splits mass flow evenly between two inlets at either end of the shaft.  The 

benefit of this approach is inherently balanced thrust forces.  The MHI design uses a single-entry 

approach that requires a balance piston to resolve excessive thrust loads. The advantage of this 

approach is that it allows for easy manipulation of axial clearance at all compressor impellers.  A 

single frame (3 stages) of each approach is shown in Figure 11. 
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Table 1. Comparison between MiTi and MHI designs 

Design Strategy ®Mohawk Innovative

Technology, Inc.  
MHI  

Compressor Type Double-Entry Single-Entry 

Number of Stages 6 and 9 7 and 9 

Number of Frames 2 and 3 2 and 3 

Flow Capacity (Kg H2/day) 240,000 – 500,000 

Total Pressure Ratio 2.4 - 3.33 

Total Power Input (HP) 7,800-12,000 8,300 – 12,000 

Max Tip Speed (1000 ft/s) 1.6 – 1.8 1.8 - 2.0 

Compressor Footprint (ft2) 145 - 160 150 - 175 

 

 

Figure 11. 3D model of the MiTi double-entry compressor (left) and the MHI single-entry compressor frame 

(right). 

 

Despite the differences in design approaches, the overall performance of the two systems will be 

very similar.  In Figure 12, independent results from MiTi and MHI are presented.  The number 

of stages required to reach a particular pressure ratio are presented as a function of tip speed.  

Despite the use of double and single entry compressor designs, the results from MiTi and MHI 
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correlate well, especially at higher tip speeds within the expected operating range.  This is 

because the inlet conditions, fluid properties and design point used for each concept were 

identical.  MHI and MiTi both assumed similar conditions and both employ highly sophisticated 

but different software design tools. A close correlation between each design was encouraging.  
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Figure 12. Estimation of stage numbers required as a function of tip 

speed and pressure ratio (PR). 

 

At the initiation of the project, it was planned to pursue two design approaches for the hydrogen 

compressor: a double-entry design by MiTi and a single-entry design by MHI. During the design 

process, both companies held frequent conference calls and several site visits to exchange design 

information and coordinate the design process. The single stage compressor based on MiTi’s 

double-entry compressor design was designed and assembled for testing, as described above. 

During the design process, an aerodynamic compressor design software, computational flow 

dynamics (CFD), finite element analysis (FEA) and rotordynamic analysis were performed to 

assure that the design met all the performance and safety requirements.  The single-entry 

compressor design by MHI also followed the same comprehensive analyses but used different 

software packages available at MHI.  During the design process, both MiTi and MHI checked 

each other’s analyses to ensure accuracy of the different software. Both designs meet the 

performance criteria for the hydrogen pipeline compressor. 

Comparing the two designs with respect to performance, safety and economics, however, 

indicates that the double-entry design is superior for the hydrogen pipeline compressor. As 

outlined in Table 2, the safety margin for the single-entry design is less due to larger tip speeds 

required.  Also the analyses indicate that the single-entry compressor could be more costly due to 

the need for a balance piston and thrust bearings. Therefore, it was decided to pursue the MiTi 

double-entry design instead of the MHI single-entry compressor for performance verification 

testing. 
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Table 2. Pros and cons of single and double entry compressor designs. 

 

7.3 Detailed Aerodynamic Design Study 

Following the preliminary design study, the double-entry compressor concept was selected as the 

most feasible concept to achieve the DOE’s performance target and meet the needs of hydrogen 

pipeline needs. Therefore, a more detailed aerodynamic design of the impeller and other 

components was conducted for MiTi’s double-entry concept.  Using a quasi-three dimensional 

inviscid internal flow analysis with well-known, commercially available compressor design 

software, the complex profile of the compressor blades were refined to meet performance 

requirements. The quasi-three dimensional flow field analysis is a cost effective design tool to 

quickly iterate between aerodynamic performance and the detailed flow field behavior. The flow 

field was carefully analyzed for areas of excessive diffusion, sudden velocity gradients and flow 

separation.  The design was optimized through minor changes in impeller blade geometry.  Once 

a design was found to have satisfactory flow field characteristics, structural and rotordynamic 

evaluation was performed. Using the final stage geometry, compressor performance was 

evaluated at five different operating conditions, including the design point of 500,000 kg/day. 

Solutions were obtained between 70% up to 120% of the design point condition.  The velocity 

vector solutions of the final geometry operating at the design point are shown in Figure 13.  

Solutions obtained of the final stage geometry reveal good overall flow behavior with no regions 

of significant turbulence, stagnation or flow separation. 
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Figure 13. 3D Flow field solutions of the first stage impeller and diffuser (left) and 2D velocity vector 

solutions of the entire first stage, from inlet to return channel 

In addition to providing detailed analysis of the flow patterns within the first stage of 

compression, the CFD analysis also served as in independent validation of the mean-line analysis 

that was used to develop the multi-stage hydrogen compressor system.  A comparison of 

performance predictions with mean-line analysis and CFD at the design point are shown in Table 

3 and Table 4.  The results have shown very good agreement between the two numerical 

methods.  At both the exit of the impeller and at the exit of the entire stage, better than 98% 

agreement was achieved. 

 

Table 3. Comparison of CFD and mean-line analysis at the impeller exit 

Impeller Exit Units Mean-Line CFD DEVIATION

Pressure psia 568.15 569.28 0.20%

Temperature F 239.09 239.06 -0.01%

Work ft lbf/lbm 72662 72587 -0.10%

Polytropic Head ft lbf/lbm 67048 68089 1.53%

Polytropic Efficiency 0.932 0.938 0.64%  
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Table 4. Comparison of CFD and mean-line analysis at the stage exit 

Stage Exit Units Mean-Line CFD DEVIATION

Pressure psia 560.23 559.15 -0.19%

Temperature F 239.09 239.06 -0.01%

Work ft lbf/lbm 72662 72587 -0.10%

Polytropic Head ft lbf/lbm 59681 58667 -1.73%

Polytropic Efficiency 0.821 0.808 -1.61%  

 

The two numerical methods were also evaluated at operating conditions above and below the 

design point.  The results in Figure 14 and Figure 15 show good correlation between the two 

methods across a wide operating range.  The average discrepancy between CFD analysis and 

mean-line analysis was less than 2% for operating conditions between 70% - 120% of the design 

point.  These results provide independent validation of the mean-line analysis methods used and 

provide increased confidence in the performance predictions of the complete 9-stage MiTi® 

hydrogen compressor. 
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Figure 14. A comparison of results from CFD and mean-line analysis for total-total 

efficiency at the exit of stage 1 
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Figure 15. A comparison of results from CFD and mean-line analysis for total-total head 

at the exit of stage 1 

 

The results of CFD analysis independently confirm the aerodynamic performance prediction 

used to design the detailed compressor stage. The subcontractor’s complete report describing the 

CFD analysis can be found in Appendix B. Following the aerodynamic design, a full scale mock-

up was constructed to visually check the design and identify any areas that require modification. 

The full-scale mock-up of a single frame of the MiTi® H2 compressor was completed, as shown 

in Figure 16.   
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Figure 16. Full-scale, multistage compressor mock-up 

  

7.4 Finite Element Stress Analysis 

To further assess the mechanical feasibility of the proposed compressor concept, FEA was used 

to evaluate the stress distribution of the rotor design selected for the compressor. Stress analysis 

was conducted with a bladeless, multi-stage shaft (Figure 17) to investigate the bulk effects on 

the full shaft system. Stress analysis was performed using a Nastran solver (MSC Corp., Santa 

Ana, CA). Results were computed following mesh generation and assigning appropriate 

boundary conditions.  First, one end of the shaft was assumed to be fixed and the rotational speed 

of 60,000 rpm was applied to the entire body as an internal load. Therefore, only centrifugal 

stress was considered. The analysis was used predominately in earlier design iterations so that a 

maximum speed envelope could be determined to aid in aerodynamic results and determining the 

number of stages required. From there, a more detailed stress analysis was also conducted on an 

individual compressor stage with detailed blade geometries. The results of the multi-stage shaft 

without compressor blades were conducted with high strength steel. Results indicate stresses on 

the order of 120-130 ksi for speeds of 60,000 rpm. While these results indicate a relatively 

conservative safety factor of more than 2x, common for in state-of-the-art compressor designs, 

the impact of hydrogen embrittlement warrants careful consideration in stress analysis. 

More detailed stress analysis was continued with the bladed wheel following aerodynamic 

design. The analysis confirmed that the stress concentration on the backside of the disk could be 

greatly improved by modifying the transition radius. These results aided the final design 

geometry of the refined multi-stage system layout.  
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(a) (b)

(c)

  

 

 

 

 

 

 

Figure 17. Typical stress distribution in the rotor due 

to rotation: (a) Surface stresses, (b) Cross-section, 

and (c) Cross section in one disk 

 

 

 

The analysis included an investigation of the impact of blade thickness, taper and filets. 

Compressor wheel designs created from aerodynamic analysis were evaluated for structural 

integrity focused on the rotor, impeller hub and impeller blades. Three materials were 

investigated in the structural design analysis: aluminum alloy; titanium alloy and high-strength 

steel.  Four different materials with a wide range of elastic properties and strength were selected 

and evaluated in this analysis. In addition, certain aspects of the design were varied in the 

analysis to evaluate the effects of geometric design on the stress distribution.   

The results indicate significant safety margin for all three selected materials.  Results from the 

high-strength steel impeller are shown in detail in Figure 18. The analyses performed for stress 

distribution in pure rotation was extended by the addition of a rotational torque. In addition to the 

rotational speed of 60,000 rpm, a torque corresponding to 5,500 hp at 60,000 rpm was applied to 

the free end of the rotor.  In this analysis, both the centrifugal and torsional stresses were 

analyzed. The stress distribution, however, remained about the same as those without the torque. 

A summary of results for each material is given in Table 5.  

The first design analyzed assumed thin blade profiles and yielded high stresses at the root of the 

impeller blade.  A second iteration was investigated where the blade thickness was increased.  

The use of thicker blades yielded a 50% decrease in peak stress and only less than 0.5% decrease 

in predicted discharge pressure.  The very large response in stress and small effect on 
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aerodynamic performance show that the stresses will be manageable without greatly affecting 

compressor performance.   

  

  

Figure 18.  3D solid model of the compressor impeller (upper left), von Mises stress predictions in the impeller ( upper 

right and lower left) and predicted blade deflections due to centrifugal forces (lower right). 

 

The results confirmed low stress in the impeller blades.  Peak stress in the impeller is on the 

backface of the hub; however, stress magnitudes are well below the yield strength of the 

material. While all three materials appear to be acceptable with respect to the maximum stresses, 

the low fatigue limit of the aluminum alloy is of major concern. In fact, the blade stress is three 

times larger than the fatigue limit of this high strength aluminum alloy.  However, both the steel 

and titanium alloy provide safe margins of 44% and 38% against low cycle fatigue in the blades. 

Three tip speeds were also considered in order to evaluate over-speed safety factor (1600, 1800 

and 2000 fps). The results indicate significant safety margin, even at the tip speed of 2000 fps for 

all three selected materials. The blade stress magnitude is significantly lower than the peak stress 

and the peak deflection occurs at the tip of the blade towards the hub. Based upon these results, 

the use of aluminum alloy is not recommended, particularly due to its low safety margin with 

regard to high-cycle fatigue. Both high strength steel and titanium allow appear to be good 
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choices in terms of stress analysis only. However when taking hydrogen compatibility into 

consideration, high-strength steel does present greater risk. 

 

Table 5.  FEA results for various compressor tip speeds and materials. 

Tip Speed fps 1600 1800 2000 

Material 

Ultimate 

Strength 

(ksi) 

Max 

Stress 

(ksi) 

Safety 

Factor 

Max 

Stress 

(ksi) 

Safety 

Factor 

Max 

Stress 

(ksi) 

Safety 

Factor 

Aluminum Alloy 84 39.5 2.1 50.1 1.7 61.7 1.4 

Titanium Alloy 170 64 2.7 81.1 2.1 100 1.7 

High-Strength Steel 290 110 2.6 139 2.1 172 1.7 

 

8.0 Material Selection 

Hydrogen compressors operating at high pressures (about 300 psi) and often at high temperatures 

(about 200oC) require high strength materials that can be used safely in the hydrogen 

environment. Besides the rotating group, materials are needed for the housing and the 

bearings/seals.  The material used for the rotating group (i.e., shaft and impellers) must have high 

strength (particularly, high strength to weight ratio) and toughness as well as a high fatigue 

endurance limit to survive the high stresses imposed on the impeller during high speed rotation. 

The strength requirement for the housing is not as stringent as that of the rotating group, yet the 

material must possess a high durability and toughness under internal pressure.  Materials used for 

the foil bearings/seals must have a high elastic modulus, high toughness and fatigue resistance. 

The strength must be sufficiently high to prevent plastic deformation under the imposed bearing 

loads.  The foil bearings also require low friction, wear resistant coatings to allow smooth 

start/stop operations. The coatings must also have sufficient thermal and electrical properties to 

allow heat dissipation and conduction of electrical current due to static charge build up. Given 

the above requirements, different materials should be selected for different components. 

8.1 Overview of Hydrogen Embrittlement 

Hydrogen, the smallest and lightest of the elements, diffuses readily in most metallic alloys.  

Once inside the alloy, hydrogen can reduce the strength and decrease the toughness of the 

material.  While the specific mechanisms can be quite complex and, in most cases, not well 

understood, the following simple explanation offers some insight into the process. Hydrogen 

atoms can react with certain metals forming brittle hydrides, while in others, hydrogen enhances 

the plastic deformation process.  Hydrogen can segregate along grain boundaries, grain boundary 

phases and second phase constituents; further reducing strength by reaction with these 

constituents and/or formation of gas bubbles4.  

Past research and extensive testing have shown that most pure metals and alloys with strength 

below 1000 MPa are immune to hydrogen embrittlement,Table 65.  However, old data must be 
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used with caution since, in some cases, the immunity is due to the natural oxides that protect 

against diffusion of hydrogen into the material rather than being inherently immune to hydrogen. 

In general, materials that are immune to hydrogen embrittlement include pure copper (OFHC), 

certain stainless steels and some titanium alloys6.  Aluminum alloys are sometimes included in 

this list.  However, there are uncertainties with respect to the inherent immunity of these alloys 

due the strongly attached aluminum oxide. Furthermore, the composition and microstructure play 

a critical role in the embrittlement process7 and, for proper selection of materials for hydrogen 

environments, test data on each material must be carefully analyzed. 

8.2 Housing Material 

Stainless steel alloys usually have an excellent corrosion resistance but their strength is not 

sufficient for highly stressed components.  There are various types of stainless steels, including 

ferritic, martensitic, austenitic, duplex and precipitation hardened. The austenitic stainless steels, 

and, particularly, type 316 and 316L, which are metastable alloys with molybdenum and nickel, 

are most resistant to hydrogen assisted fracture8,9.  The strength and ductility as a function of test 

temperature are compared in air and for hydrogen pre-charged samples in Figure 19 and Figure 

20. Testing under cyclic loading has also shown that the fatigue properties are also relatively 

unaffected by hydrogen exposure.  Therefore, 316 series could be used as the housing for the 

hydrogen compressor. 

Table 6. NASA Safety Standards for Hydrogen Systems (NSS 1740.16) 
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Plain carbon steels are attractive structural materials, used in applications such as pipelines, 

because of their formability, weldability and adequate mechanical properties. C-Mn alloys are of 

particular interest and their mechanical properties in a hydrogen environment have been 

evaluated, particularly for plain carbon ferriritc steels8.  While the yield strength of X42 alloy 

and X100 alloy with a higher Mn content is not affected by hydrogen exposure (360 MPa and 

750 MPa), the ductility is reduced in hydrogen from 54% RA to 42% RA for X42 and from 75% 

RA to 38% RA for the X100.  The toughness is still adequate for most applications, albeit some 

loss of ductility.  However, the fatigue properties measured as crack propagation rate is degraded 

in hydrogen. Therefore, these materials could be used for the housing of the hydrogen 

compressor if cyclic fatigue is not an important issue.    

 

Figure 19. Tensile strength of 3416L stainless steel in air and thermally pre-

charged in hydrogen gas8 

 

Figure 20. Ductility of 3416L stainless steel in air and thermally pre-

charged in hydrogen gas8 
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8.3 Impeller Material 

Titanium alloys have a high strength-to-weight ratio and, therefore, are suitable for the rotating 

group in the compressor. There are three forms of these alloys that include α, β, and α+β.  

Titanium alloys have been in wide usage in the aerospace industry for many years and all three 

types are in use today10,11. These alloys have high specific strengths; they are corrosion resistant 

and compatible with other materials. They are used as support structures, fastners, duct work, 

rotating components, compressor disks and blades, exhaust components, windshield frames, 

springs, landing gear, etc. Titanium alloys, however, can be susceptible to hydrogen 

embrittlement.  It is well known that the alpha containing titanium alloys can be severely 

affected by hydrogen due to hydride formation. Therefore, commonly used alloys, such as Ti 6-

4, are not suitable for use in the hydrogen environment12.   However, β alloys are more immune 

to hydrogen embrittlement, although precipitation hardened beta alloys that contain α 

precipitates can be degraded by hydrogen. Precipitation of Ti3Al in alpha and alpha/beta, and 

hydrogen segregation at grain boundaries and slip planes in beta alloys, cause reduction of 

strength, ductility and fatigue life.  Solution treated and aged beta alloys are most susceptible to 

degradation in hydrogen but solution treated, single phase beta alloys are immune (or less 

affected).  

While many types of beta alloys have been developed, only four alloys are commercially 

available; these include Ti10V2Fe3Al (Ti 10-2-3), Ti3Al8V6Cr4Zr4Mo (Beta-C), 

Ti15Mo3Nb3Al0.2Si (Beta 21S or TIMETAL 21S) and Ti15V3Cr3Al3Sn (Ti 15-3).  The first 

two are available only in bar and ingot forms, suitable for the rotating group of the hydrogen 

compressor, and the last two in only sheet form that could be used for foil bearings/seals. 

Table 7 lists the range of mechanical properties that can be obtained through solution treatment 

and aging of the Ti 10-2-3 and Ti Beta-C15. The latter material, however, is susceptible to 

hydrogen embrittlement both in the solution treated13 and in the aged condition14. Test data for Ti 

Beta-C with samples charged from the gas phase producing maximum hydrogen concentration of 

8 at.%H have shown that strength increases (  

Figure 21) but impact strength (Figure 22) and fatigue threshold (Figure 23) are reduced as the 

hydrogen concentration is increased.  Hydride formation and interaction of hydrogen with 

dislocations are suggested as primary mechanisms for such changes. In contract with the Beta-C, 

strength of the Ti-10-2-3 is reduced ( Figure 24), but impact strength ( Figure 25) and fatigue 

threshold ( Figure 26) increase for the hydrogen treated samples.  It is suggested that, in this 

case, the beta phase is stabilized with hydrogen13.  

Table 7. Mechanical Properties of Beta Titanium alloys in air (International Titanium Association15); basic 

properties depend on heat treatment used during processing. 

Beta TI Alloy  Ultimate Tensile 

ksi  

0.2% Yield 

ksi  

% Elongation  

Ti-10-2-3  145-200  135-184  4-20  

Ti Beta C  115-195  110-185  6-25  
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Figure 21. Yield stress of solution treated Ti Beta-C with different hydrogen 

content13 

 

Figure 22. Impact strength of solution treated Ti Beta-C with different hydrogen 

content13 

 

Figure 23. Fatigue crack growth rates of solution treated Ti Beta-C with different 

hydrogen content13 
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Figure 24. Yield stress of solution treated Ti 10-2-3 with different 

hydrogen content13 

 
Figure 25. Impact strength of solution treated Ti 10-2-3 with 

different hydrogen content13 

 
Figure 26. Fatigue crack growth rates for solution treated Ti 10-2-3 

with different hydrogen content13 

 

The effect of hydrogen treatment for these two beta alloys are summarized in Table 8. Given the 

high strength of the Ti 10-2-3, and the fact that toughness and fatigue strength are improved in 
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presence of hydrogen, it would be safer to use this alloy for the rotating group of the compressor 

rather than the Beta-C with reduced toughness and fatigue properties in hydrogen. Although 

solution treated and cold-worked single phase Beta-C is immune to embrittlement16, the 

processing cost would increase. 

 

Table 8. Mechanical property modifications as a result of hydrogen charging for solution annealed alloys. 

Beta TI 

Alloy  

Ultimate 

Tensile 

ksi  

0.2% 

Yield 

ksi  

% 

Elongation  

Fatigue 

Threshold 

MPam1/2  

Comments 

Ti-10-2-3  174 to116  160 to77  8 to 20  3 to 6  Gains ductility  

Ti Beta C  145 to160  128 to162  37 to 3  5 to 2  Loses ductility  

 

It should be noted that strength data are only available for low hydrogen concentrations or testing 

in hydrogen producing environments. Data in high pressure hydrogen are scarce or not available. 

At high hydrogen pressures (and high temperatures), beta Ti can hold a large amount of 

hydrogen in solid solution and hydride formation could occur, and deleterious intrinsic hydrogen 

effects can cause embrittlement17. However, hydrogen barrier coatings can be used as an 

effective measure in keeping the hydrogen concentrations sufficiently low18. Hydrogen barrier 

coatings are ineffective in alpha and alpha/beta alloys since very little hydrogen is needed for 

hydride formation.  The most effective hydrogen barrier coatings are SiC, Aluminum Oxide, 

TiC/TiN, TiO2, Tungsten, CrN and TiC19,20,21,22. Also, direct oxidation of steel (i.e., Fe-Cr-Al 

mixed Oxides, Aluminizing {FeAl = AlO2}), are also effective23. It should be noted that a very 

thin coating of 1-10 nm is sufficient for protection against hydrogen diffusion. 

Typical construction of a foil bearing consisting of a corrugated, or bump, foil and a smooth top 

foil is shown in Figure 27. The geometric features, such as the bump dimensions and spacing, 

foil thickness, etc. are designed for a specific foil material to impart the required stiffness, 

damping and elastic deflections.  Some of the important properties to consider include the yield 

strength, ultimate strength, fatigue endurance limit, elastic modulus, thermal expansion 

coefficient, thermal conductivity, electrical conductivity and others. Table 9 compares some of 

the properties of a nickel alloy, which has been used successfully by MiTi for foil bearings of 

various sizes, with stainless steel 316L and two beta titanium alloys. In addition to the above 

mentioned properties, the foil material must have a good weldability and formability. The nickel 

alloy cannot be used in the hydrogen environment due to severe hydrogen embrittlement24.  

Stainless steel and beta alloys listed in the table are available in the thickness needed for the foil 

bearings and seal, and both materials can be used in the hydrogen environment.  However, the 

strength of the stainless steel is not sufficient for highly loaded foil bearings, and the beta 

titanium alloys are superior in terms of strength and fatigue properties. In comparison to Ti 15-3, 

the Beta 21S is more susceptible to hydrogen embrittlement (Figure 28) due to grain boundary 
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precipitation25 and by decohesion mechanism of hydrogen embrittlement26. While higher 

strengths are possible for both alloys through aging following solution treatment, aging treatment 

results in precipitation of alpha particles, which makes the material more prone to hydrogen 

embrittlement. Therefore, Ti 15-3 in the solution treated form is suitable for foil bearings and 

seals used in the hydrogen compressor. 

 

Basic Elements of Bearing 

Bump Foil Configuration 
 

Figure 27. Basic construction of a typical foil bearing 

 

Table 9. Typical properties of several alloys in air as candidates for foil bearing fabrication 

Material  UTS 

ksi  

Hydrogen 

Embrittlement  

Modulus 

ksix10
3 

 

Fatigue 

Limit 

ksi  

Thermal 

Expansion 

µin/in F  

Electrical 

Resistivity 

µohm in 

X-750 Ni  192  YES  31  80  7.8  48  

316L SS  70  NO  28  37  8.6  30  

Ti-15-3  200  NO  14.5  87  4.7  55  

Ti Beta 

21S 

190 Yes 15 ? 5.3 53 

Beta titanium exhibits superior strength and fatigue life, particularly when exposed to hydrogen.  

Two of beta titanium considered for the rotating group are shown in  

Table 10.  Both Ti-10-2-3 and Ti Beta C are available in bar stock form and possess the 

necessary strength and fatigue properties.  The mechanical properties listed in the Table are, 

however, measured in air and not hydrogen. 
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Table 10. Tensile properties of beta titanium alloys available in bar stock. 

 

The effect of hydrogen on mechanical properties of these alloys is not well studied but limited 

data exist.  MiTi has been able to locate one study, which compared Ti-10-2-3 and Ti Beta C 

both before and after exposure to low concentrations of hydrogen.  The results are presented in 

Table 11.  Despite the fact that both materials are beta titanium alloys, the effect of hydrogen 

exposure is very different.  The particular Ti-10-2-3 evaluated in that study experiences a 45% 

drop in yield strength but gains ductility when exposed to hydrogen, while the effect on Ti beta C 

is nearly the opposite.  For this application, the increase in ductility with Ti-10-2-3 is more 

critical than the improvement in yield strength exhibited with Ti beta C.  Therefore, MiTi 

recommends the Ti-10-2-3 alloy for this application. 

Table 11. Changes in tensile properties of Beta titanium after exposure to H2 

Beta TI 
Alloy 

Ultimate
Tensile

ksi

0.2% Yield
ksi

%
Elongation

Fatigue

Threshold
ksi.in1/2

Comments

Ti-10-2-3 174 →116 165 → 90 8 → 20 2.7 → 5.5 Ductility Gain

Ti Beta C 145 →160 128 →162 37 → 3 4.5 → 1.8 Ductility Loss
 

Mechanical properties change as a result of hydrogen charging for solution annealed alloys [Christ et al 2003 

]. 

 

 

 

 

Mechanical properties of beta titanium alloys in air are highly dependent on the exact method of 

heat treatment, exposure time, temperature and hydrogen concentration in service.  Further data 

are needed  in order to make a final confident selection.  In the meantime, MiTi recommends a 

coating such as TiN or CrN be applied to all surfaces exposed to hydrogen to further reduce the 

likelihood of embrittlement and degradation of mechanical  properties. 

While Ti-10-2-3 has been selected as the most appropriate material for the rotating group, this 

material is not available in thin foil form for the foil bearings.  Therefore, following a similar 

material selection study, Ti-15-3 has been identified as an excellent candidate for the foil 
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bearings and seals. This material is available in thin stock and has demonstrated excellent 

properties in the hydrogen environment. 

 

Figure 28. Strength and ductility of solution treated Ti 15-3 (solid symbols) and 21S25 
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8.4 Foil Bearing Coating 

During normal operation of foil bearings and seals, surfaces are separated by a thin film of 

lubricating gas; in this case, hydrogen. However, during start and stop periods, the top foil makes 

contact with the rotating surface, i.e., the shaft, and therefore, there is need for a low friction, 

wear resistant coating system. Our experience has shown that a hard, wear-resistant coating 

should be placed on the rotating components and a relatively softer, low friction coating on the 

top foil surface.  MiTi has developed a series of low friction coatings specifically for foil bearing 

applications that extend to temperatures above 800°C. These coatings, known as KOROLON®, 

have been successfully evaluated and implemented in various foil bearing and seal applications 

with a special chrome coating on the running surface. However, the Cr plating can be severely 

degraded in the hydrogen environment and the potential effect of hydrogen on KOROLON® 

coatings needs to be explored. Since our KOROLON® coatings contain some commonly used 

solid lubricants, it is instructive to review the effect of hydrogen on the tribological performance 

of various materials.  

Extensive tribological studies have been conducted on various materials and coatings in air, inert 

atmospheres and also in vacuum27. However, studies in hydrogen gas are very rare and limited. 

While tribological properties of many materials are strongly affected by sliding in air due to 

oxidation, such phenomena would be absent in hydrogen. Early studies with chemisorbed gases 

on tungsten in vacuum have shown that, while any adsorbed gas including hydrogen can reduce 

the coefficient of friction, the most effective species is oxygen27. In one study, it was shown that 

hydrogen adsorption on an iron surface does not prevent the friction couples from “welding” but 

oxygen and some sulfur compounds reduce the tendency for welding and, therefore, reduce the 

coefficient of friction when testing is performed in high vacuum28. Hydrogen gas might reduce 

the natural oxide layer and protect against oxidation, thus, leading to high coefficients of friction 

and severe wear rates. The coefficient of friction of Ni alloys (X-750) and stainless steels (316) 

remain essentially unchanged in air, nitrogen, vacuum and hydrogen; that of Ti alloys (6 4) and 

Al alloys (6061) increases drastically in hydrogen29. Hydrogen can influence the friction of 

transition metals and other metals that react chemically with hydrogen, producing stable 

hydrides.30,31 Studies have shown that the presence of water in hydrogen can have pronounced 

effects on the tribological properties of some metals, such as pure iron, Ni alloys, stainless steels 

and Co based alloys.32,33  

Recent research has shown that commonly used solid lubricants, such as graphite, molybdenum 

disulphide, and tungsten disulphide, do not necessarily provide low friction in hydrogen.  The 

friction of these lamellar solid lubricants that provide easy shear of their crystallographic planes 

depends on the environment. While shear of graphite layers requires moisture, the disulphides 

work best in the absence of adsorbed water vapor. Recent research has shown that molybdenum 

disulphide provides a fairly low coefficient of friction (0.1-0.2) in pure hydrogen gas as well as 

in nitrogen and in vacuum29. The lowest coefficient of friction (0.03-0.04) in hydrogen is 

observed for hydrogenated DLC. Excellent tribological behavior has been reported for 

molybdenum disulphide (0.03), PTFE (0.15) and DLC (0.15) in dry hydrogen34. However, the 

durability of the PVD disulphide coatings was limited to 10,000 sliding cycles. 

An extensive study of fiber reinforced polymer composites (PEEK and PTFE) has shown that the 

coefficient of friction is much smaller in hydrogen (0.07-0.13) than in air (0.2-0.4) for the 

composites evaluated34. Similarly, lower friction was observed in liquid hydrogen than in air for 
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the composites irrespective of the solid lubricant fillers used (graphite, molybdenum disulphide 

or bronze). The presence of humidity can also influence the friction and wear properties of 

polymers against steel. In one study, the wear rate of PTFE was reduced with an increase in 

environmental humidity in hydrogen. This effect was shown to be related to the formation of iron 

hydroxide on the 316 stainless steel counterface35. 

In another study, various polymers including PTFE, PEEK, PPS (polyphenylene sulfide), 

polyimide and Polyamide-imide were evaluated against steel36. The wear rates of PTFE, PEEK 

and Polyamide-imide were generally lower in hydrogen than in air, with the wear rate of the 

others about the same as in air and hydrogen. The coefficient of friction of PTFE (filled with 

15% polyimide) was the lowest in hydrogen at about 0.4, the others had a coefficient of friction 

higher than 0.5 and nearly 1 for PPS. The use of a hydrogenated DLC on the steel surface 

reduced the coefficient of friction for Polyamide-imide (with 12%graphite and 3& PTFE) to 0.3.   

Although the contact during stop/start operation is very brief (about 1 s), considerable damage 

can occur if the surfaces are not protected. The high sliding speed combined with the high load 

sets up various complicated tribological interactions that include chemical reactions, plasma 

formation, generation of static electricity and others.  The coatings should be durable and stable 

under such conditions in the hydrogen gas. While research on tribological phenomena in 

hydrogen is still at its infancy, some useful information and data are emerging. While some 

metals can react to form hydrides, others can form oxides through a reaction pathway that 

includes formation of water37,38.  Formation of both hydrides and oxides can, in fact, reduce the 

coefficient of friction. However, in the absence of reaction products, the native oxide can be 

reduced and the friction can increase. Among the materials that have been evaluated in hydrogen, 

PTFE and polyamide-imide have shown to provide acceptable tribological properties39. 

Furthermore, the addition of graphite to these coatings tends to improve the wear resistance40,41.    

The lowest reported coefficient of friction in hydrogen is for a hydrogenated DLC42.  With the 

coefficient of friction less than 0.01 and often 0.003, this behavior is often referred to as 

“superlow friction”. However, if only one surface is coated with the H-DLC film, a transfer film 

is required on the uncoated surface, which occurs after a short period of run-in.  The superlow 

friction phenomenon is also observed for non-hydrogenated DLC in hydrogen43.  It is believed 

that hydrogen saturation across the shearing plane through weak van der Waals interactions 

between the polymer-like hydrocarbon top layers contributes to the low friction phenomenon. 

Basically, repulsion of positively charged hydrogen terminated surfaces results in low attractions 

between the surfaces and reduces the coefficient of friction. It should be noted that H-DLC has a 

high hardness that provides both a low coefficient of friction and wear resistance.  

Aside from solid lubricant coatings for the foil bearing pad, as stated earlier, a hard coating is 

needed on the rotating group where it makes contact with the foil bearing or foil seal. Due to 

uncertainties associated with the effect of hydrogen on mechanical properties and integrity of the 

rotating group, it is also beneficial to explore the use of hydrogen barrier coatings, especially 

those that could also provide wear resistance. Published literature on hydrogen barrier coatings 

indicate that metals with low hydrogen solubility and covalent, and ionic bonded materials, such 

as oxides and carbides, have low hydrogen permeability.  Materials with lowest hydrogen 

permeability include aluminum oxide, tungsten, gold, glasses, tungsten and molybdenum 

silicides, molybdenum, nickel aluminide, copper, platinum and nickel44.   Generally, a very thin 

film is needed as a hydrogen barrier coating.  
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Hydrogen barrier coatings can be used as an effective measure in keeping the hydrogen 

concentrations sufficiently low45. Hydrogen barrier coatings are ineffective in alpha and 

alpha/beta Ti alloys since very little hydrogen is needed for hydride formation.  Effective 

hydrogen barrier coatings include SiC, Aluminum Oxide, TiC/TiN, TiO2, Tungsten, CrN and 

TiC46,47,48,49. Also, direct oxidation of steel, for example Fe-Cr-Al mixed Oxides, Aluminizing 

(FeAl = AlO2), are also effective50. It should be 

noted that a very thin coating of 1-10 nm is 

sufficient for protection against hydrogen 

diffusion. For example, a 50 nm coating of 

titanium dioxide is sufficient to retard the 

hydrogen embrittlement in a 15-5 PH stainless 

steel. Zirconium alloy coating on high strength 

steels can acts as diffusion barriers for hydrogen. 

In a sliding contact Zr and also Nb form hydrides 

and provide solid lubrication and lower friction as 

well.37  

While the above review suggests that H-DLC 

might be the best coating to obtain a low 

coefficient of friction and the required wear 

resistance, there are two issues that detract from 

selection of this coating for foil bearings and seals 

lubricated with hydrogen.  First, the H-DLC is 

fully saturated with hydrogen and does not 

provide protection for hydrogen permeation into the counterface. Second, recent tests at our 

company have shown that, when H-DLC is used on the foil bearing and tested in air against  a 

chrome plated disk or a disk coated with a proprietary tungsten disulfide coating (KOROLON 

900), either the initial coefficient of friction was too high or the speed for lift-off was 

unacceptably high51. However, successful results were obtained when H-DLC was placed on the 

disk surface and the KorolongTM coating on the foil pad. However, the tribological behavior of 

this combination was similar to the results obtained with KorolonTM and chromium plate. When 

testing was performed at 300 C, the H-DLC coated disk, while providing a very low coefficient 

of friction during start, did not provide hydrodynamic lift52. While a different behavior might 

occur in hydrogen instead of air, hydrogen adsorption into the coating and substrate prevents this 

coating from use as both a hydrogen barrier and wear resistant coating. 

Based on the above review, we propose the following approach for the foil bearing coatings. 

Hard coatings should be selected for the rotating group to inhibit hydrogen adsorption and also 

provide wear resistance. For example, TiC/TiN and TiN/CrN are all excellent wear resistant 

coatings and are commonly used in various applications. Therefore, these coatings are good 

candidates for coating on the rotating surfaces. Since our KOROLON 700 coating has been 

successfully used as a foil bearing coating for many diverse applications, and the polymeric 

constituents and the solid lubricant fillers have been successfully tested in hydrogen, it should be 

further evaluated for use on the top foil surfaces in the hydrogen compressor.  In addition, PTFE 

filled with graphite could also be evaluated as an alternate foil coating material. 

 

Figure 29. Effect of thin coatings on ductility of 

hydrogen charged 15-5PH stainless steel coated 

with TiO2 
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8.5 Material Testing in Hydrogen 

The selection of beta titanium alloy was based on a comprehensive analysis of published data on 

performance of different types of titanium alloys in hydrogen.  Titanium alloys possess excellent 

strength to density ratios, thus, they are ideal for applications requiring high strength and low 

weight. Ti-10V-2Fe-3Al, in particular, was chosen based on results that suggested this beta alloy 

would be safe in hydrogen service.  Those results were obtained for testing of the alloy in air 

after hydrogen charging. Due to the uncertainty associated 

with such types of testing, it was decided to perform 

fracture testing in high pressure hydrogen. These tests were 

performed at Sandia National Laboratories with the 

objective to identify the effects of hydrogen on fatigue 

crack growth. The tests were conducted on compact tension 

specimens (Figure 30), according to ASTM standards, in 

both air and hydrogen environments (at 1200 psig). While 

the results confirmed no strength reduction when the 

specimen was exposed to hydrogen prior to testing in air, 

the results when loading in high pressure hydrogen were 

unacceptable (Figure 4).  The particular heat treatment 

used, for the as received material, consisted of solution 

annealing (SA), which produces very small alpha regions 

in the material.  Although the published results and those 

presented here both indicated that the presence of small 

alpha regions in this beta alloy does not produce an issue 

when the alloy is pretreated in hydrogen prior to testing in 

air, the alpha phase was suspected as the cause of poor performance in the hydrogen 

environment.  The presence of titanium hydride (TiH2) formed from the alpha phase was 

confirmed by XRD analysis (Figure 31). Thus, the heat treatment condition used and the 

resulting microstructure for this alloy are not appropriate for the proposed application.  The next 

step in this effort is to heat treat the test specimens to assure a completely beta phase 

microstructure and repeat the tests in high pressure hydrogen.  

 

 

Figure 30. Ti alloy test specimen 

mounted for testing in air. 
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Figure 31. Preliminary test results in air and hydrogen gas, courtesy of Sandia National 

Laboratory 

 

9.0 Oil-Free Foil Bearings and Seals 

MiTi's 9-stage hydrogen compressor design consists of three double entry systems, each with 

three back-to-back compression stages. In each frame, a single shaft is supported by compliant 

foil bearings, allowing for 100% contaminant operation without the need for external lubricants. 

Two foil journal bearings are located towards either end of the shaft (Figure 32) and support the 

radial position of the shaft.  While a dual inlet design was selected, in part, due to the inherently 

balanced thrust loads, some transient thrust should be expected.  MiTi® foil thrust bearings have 

been designed to address these transient loads.  Two thrust bearings will be located at the center 

of the shaft, as shown in Figure 33.  

The design and development of these foil bearings for this application were fabricated and 

experimentally validated in a previous DOE funded SBIR program (DE-FG02-05ER84245).  

Under this prior effort, compliant foil bearings were built and tested on a simulator shaft and 

operated at full speed (56,000 rpm).  A key technological accomplishment resulting from this 

prior SBIR effort was the demonstration of a multi-stage compressor shaft operating above the 

bending critical speed (ie. first resonance).  Such super-critical operation at high-speed has only 

been demonstrated by MiTi53,54 and provides significant benefit to the overall machine, which 

included reduced footprint, reduced parasitic losses and improved reliability through reduced 

complexity.   

 

 

http://www.miti.cc/


Oil-Free Centrifugal Hydrogen Compression  DOE Grant No.:  DE-FG36-08GO18060 

48 

Mohawk Innovative Technology®, Inc.    URL: www.miti.cc 

1037 Watervliet-Shaker Road, Albany, NY 12205   Phone: (518) 862-4290, FAX: (518) 862-4291 
 

  

 

 

Figure 32.  MiTi® foil journal bearings selected for use in the hydrogen 

compressor 

 

 

 

 

Figure 33. MiTi® foil thrust bearings selected for use in the hydrogen compressor 
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As a result of the preliminary and detailed aerodynamic design analysis conducted in this 

investigation, the multi-stage compressor system design has been revised.  These changes have 

slightly changed the load and performance requirements of the compliant foil bearings from what 

was initially assumed during the previous SBIR bearing design efforts.  In order to accommodate 

these updated system changes, the foil bearing design was revisited and any changes to bearing 

properties were recalculated since they will greatly impact other design analysis.  For example, 

speed dependant bearing stiffness was determined and used as an input into the lateral vibration 

FE model for revised rotordynamic analysis.  Coupled finite difference and finite element 

methods were used to analyze the foil thrust bearing. Results of the elasto-hydrodynamic 

analysis using the finite difference method and applied to the structural finite element model of 

the foil thrust bearing were used to determine the distributed pressure profile within the bearing.  

Typical results from the selected journal bearing design are shown in Figure 34 and a single pad 

from the selected thrust bearing design is shown in Figure 35.  The dynamic behavior of the 

compliant foil seals and their impact on system performance are discussed further in the 

rotordynamic analysis. 

       

Figure 34.  MiTi® foil journal bearing pressure profile developed at 56,000 rpm in the 

hydrogen compressor 

 

 

Figure 35. Single pad pressure profile for MiTi® foil thrust 

bearing from finite difference elastohydrodynamic analysis 

 

 

The solid model of the compliant foil seal selected for this application is shown in Figure 36. 

Design and experimental performance testing of the complaint foil seals in hydrogen applications 

http://www.miti.cc/


Oil-Free Centrifugal Hydrogen Compression  DOE Grant No.:  DE-FG36-08GO18060 

50 

Mohawk Innovative Technology®, Inc.    URL: www.miti.cc 

1037 Watervliet-Shaker Road, Albany, NY 12205   Phone: (518) 862-4290, FAX: (518) 862-4291 
 

  

was evaluated in a parallel DOE project (DOE Grant No. DE-FG02-07ER84779). Results 

indicated superior performance, and very low leakage in air and helium environments at 56,000 

rpm, relative to other state-of-the-art seal technologies available. The compliant foil seal will be 

used between each compression stage to reduce inter-stage leakage which will allow for high 

adiabatic compression to be maintained throughout the system. 

At total of four MiTi® compliant radial foil seals will be used for inter-stage sealing. As was 

done with the compliant foil bearings, the elastohydrodynamic FEM solution was computed for 

the selected compliant foil seal program using MiTi proprietary software tools. The resulting 

pressure profile is shown in Figure 37. 

 

Figure 36. 3D solid model of the MiTi® 

complaint foil seal for inter-stage sealing 

needs 
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Figure 37. Elastohydrodynamic plus hydrostatic pressure 

for MiTi® radial foil seal from finite difference analysis 

 

10.0 Rotordynamic Stability Analysis 

10.1 Multi-Stage Rotor 

The design and experimental validation of a multi-stage centrifugal compressor operating above 

the first bending critical speed has been previously demonstrated by MiTi in a previous DOE 

funded SBIR program (DE-FG02-05ER84245), as stated above.  Based upon design 

modifications and refinements conducted in the above aerodynamic and bearing design sections 

of this investigation, the rotordynamic models were updated and analysis was repeated.  Rotor 

dynamic analysis began using the rotor geometry, as defined in the earlier DOE SBIR, in order to 

validate new results and serve as a baseline. The model is shown in Figure 38 where the 

unbalance forces were included to match the rotor responses at two sensor locations, measured 

from previous experiments. The predicted rotor response at the sensor locations and the bending 

moments at the bearing locations are shown in Figure 39 for one of the analyses.  The analysis 

predicted that, in this case, the first critical bend would occur at about 35,000 rpm.  The finite 

element model was modified by adding two grounded springs attached to the shaft at each 
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bearing location to constrain the two perpendicular radial directions, instead of fixing the shaft at 

one end.  Appropriate bearing stiffness values were assigned as the spring constants and the 

bending moments at the first bending critical speed from the rotor dynamic analysis were applied 

to the shaft at the two bearing locations. The analysis was performed for a rotational speed of 

60,000 rpm. Therefore, in this analysis, both the centrifugal and bending stresses were included. 

The results indicated that the effect of adding the bending moment was insignificant and the 

stress values remained practically unchanged. Therefore, it is concluded that the torque and 

bending moments are carried by the core shaft only and have no effect on the disks, which 

mainly carry the centrifugal stress. 

Figure 38.  Model of the rotor for rotor dynamic analysis 

 

The estimated stiffness and damping properties of the designed foil bearings were used for 

rotordynamic analysis of the compressor rotor.  Rotor dynamic analysis model was then 

modified to include the full 3-stage configuration with dual-inlet, yielding six total compressor 

wheels in a single Frame 1 (Figure 40).  Two foil journal bearings are located at both ends of the 

shaft. Based on preliminary aerodynamic analysis, an optimized shaft diameter between the 

compressor wheels was selected. Data presented below assumes a high-strength steel; however, 

similar analysis was performed with the titanium and aluminum alloys.   
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(a) (b)

(c)

  

 

 

 

 

 

Figure 39.  Predicted results from the rotor dynamic 

analysis: (a) Displacements, (b) Moments in one 

bearing location, and (c) Moments in the other bearing 

location 

 

 

Figure 40. Finite element rotor dynamic model of three stage double entry centrifugal compressor system 

The critical speed analysis results, shown in Figure 41, indicate that the first bending mode is 

21,666 rpm and the second bending mode is 60,853 rpm. In this case, not only the first bending 

mode is within the operating speed range but the second bending mode is too close to the design 

speed of 56,300 rpm. 
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Figure 41. 1st and 2nd bending modes of three stage double entry compressor rotor 

 

Operation near the second bending critical speed presents further design challenges and is 

preferred to avoid this scenario.  In order to avoid operation near the second bend mode, the 

diameter of the shaft in between the compressor wheels was increased. The increase in shaft 

diameter resulted in an increase of the first bending mode to 27,700 rpm and the second bending 

mode of 76,321 rpm, as shown in Figure 42. The diameter increase has introduced a sufficient 

safety margin away from the second bending mode. Rotordynamic analysis was also performed 

with the titanium and aluminum alloys.  As seen in Table 12, the selection of material type has 

little impact on the rotordynamic behavior. 

 

 

Figure 42. 1st and 2nd bending modes of three stage double entry compressor rotor with the larger diameter 

shaft 

 

Table 12. Summary of various materials predicted bending critical speeds. 

 1st Bend Critical (RPM) 2nd Bend Critical (RPM) 

Aluminum Alloy 27,100 74,633 

Titanium Alloy 26,092 72,044 

High-Strength Steel 27,700 76,321 
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Next, a detailed rotordynamic evaluation was performed in which the shaft of the three stage 

double entry centrifugal compressor system was modified to include the thrust disk for the two 

foil thrust bearings at the center, two foil journal bearings located at both ends of the shaft and 

four journal foil seals used for inter-stage sealing. The speed-dependent stiffness coefficients 

were calculated and damping properties were estimated for the bearings and seals. Whirl speed 

and stability analysis were conducted using the finite element rotor dynamic model shown in 

Figure 43.   

 

 

Figure 43. Finite element rotor dynamic model of three stage 

double entry centrifugal compressor system 

 

The whirl speed map in Figure 44 shows the first four damped natural frequencies, including the 

cylindrical and conical rigid body modes as well as the 1st and 2nd bending modes, of the three 

stage double entry compressor rotor as a function of the rotational speed. Figure 45 shows the 

corresponding mode shapes at 70,000 rpm. In Figure 46, the logarithmic decrement values for 

these four modes are plotted as a function of speed. Excellent stability was achieved for all the 

four modes. In these analyses, nominal damping coefficient was used for the two foil bearings. 

All four modes were stable, but the 2nd bend was marginal. The data presented here assumes 

titanium alloy; however, similar analysis was also performed with high-strength steel. 
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Figure 44. Whirl speed map of three stage double entry centrifugal 

compressor rotor of titanium alloy with nominal foil bearing damping 

 

 

 

 

Figure 45. Cylindrical and conical rigid body modes, 1st and 2nd bending modes of three stage 

double entry compressor rotor of titanium alloy with nominal foil bearing damping 
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Figure 46. Stability map of three stage double entry centrifugal compressor 

rotor of titanium alloy with nominal foil bearing damping 

 

10.2 Single Stage Test Rig  

Assessment of the rotor/bearing system dynamics was also conducted for the 200 kW motor and 

single stage compressor wheel at the full speed of 1600 ft/s (56,414 rpm) to verify stable 

operation during PTC-10 tests.  At the designed inlet pressure of the multi-stage compressor of 

500 psia, more than 800 hp shaft power was required to reach full speed.  By reducing inlet 

pressure to 20-50 psi and preserving the same volume flow rate, shaft power was reduced to less 

than 200 kW.  No single, direct-drive 200 kW drive motor capable of operating at 56,000 rpm 

exists. MiTi has developed, at our own expense, the 60,000 rpm, 100 kW motor.  Since the 

objective of this program is to demonstrate the thermodynamic performance of the compressor, 

MiTi has opted to couple two high speed, 100 kW motors together to provide the needed drive 

power rather than develop a single 200 kW, direct drive motor.  The predicted power 

requirement of the single stage compressor operating with helium is shown in Figure 47.  When 

operating with helium at 70% of full speed, or 39,200 rpm, the critical non-dimensional 

performance parameters, such as Reynolds number, mach number and flow coefficient, match 

those with hydrogen at 100% full speed.  Therefore, this operating speed is the selected operating 

speed for the single-stage testing, conducting in accordance with ASME PTC-10 and described 

later this report. 
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Figure 47:  Performance curves for the helium compressor test rig at the full speed 

operating condition (blue) and the similitude test condition (red) 

 

To assure stable operation of the proposed dual motor drive system for the single stage 

compressor, detailed rotordynamic analysis was performed.  The finite element (FE) model of 

the coupled shaft system is shown in Figure 48.  The compressor is rigidly attached to the shaft 

on the left.  The two rigid shafts are connected by a flexible coupling, which is a proprietary 

technology developed by MiTi.  Each individual shaft is supported on MiTi® compliant foil 

journal and thrust bearings. 

 

Figure 48: FE model of the compressor and dual drive system. 

Appropriate stiffness and damping values for bearings were selected and rotordynamic analysis 

was conducted with DyRoBes© software (Eigen Technology Inc.).  The analysis indicated that 

each individual shaft would be operating safely below its bending critical speed (Figure 49).  All 

bending within the system would occur within the flexible coupling, as designed, and as has been 

demonstrated by MiTi in numerous other applications. 
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First Rigid Mode

First Bend Mode

 

Figure 49: Rotordynamic analysis of the dual drive single stage test rig 

 

11.0 Single Stage Compressor Design 

In order to conduct thorough experimental validation of the proposed centrifugal hydrogen 

compressor, a single stage compressor test facility was developed.  The facility included a secure 

test cell with reinforced walls, stainless-steel closed-loop piping and a oil-free centrifugal 

hydrogen compressor.  A detailed model of the proposed single stage test rig is shown in Figure 

50.  The approximate locations of key instrumentation measurement points along the length of 

the rotating shaft are indicated.  The impeller and volute of the single stage test rig are identical 

to that of a single stage within the first frame of the 9-stage system.  The single stage compressor 

will be driven with two MiTi® electric motors, which will be coupled together to produce up to 

200 kW of shaft power.  The test rig will be totally oil-free using MiTi®’s foil bearings and foil 

seals. 
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Figure 50.  Single stage test rig with safety enclosure (left).  Cross-section view of the single stage test rig with 

showing the titanium impeller, shaft and coupled drive (right). 

 

The purpose of the single stage testing is to validate the thermodynamic performance of the 

centrifugal compressor design proposed, as well as the rotor/bearing system performance under 

realistic speed and stress conditions expected in the 9-stage system.  In order to validate the 

performance predictions of the MiTi® oil-free hydrogen compressor concept, the single stage 

testing will be conducted per ASME performance test code 10 (PTC-10).  This test code provides 

explicit test procedures to determine compressor thermodynamic performance with a high level 

of accuracy.  There are two types of tests described within PTC-10; type 1 and type 2 tests.  A 

type 1 test is one conducted with the design gas, at the design point.  Under the scope of this 

program, testing with hydrogen is not feasible; therefore, a type 1 test will not be conducted.  

Since testing with all possible gases at all test conditions is often not feasible, ASME established 

the type 2 test based the standard design practice of compressor similitude. With this approach, 

key non-dimensional parameters are maintained constant in testing so that thermodynamic 

performance of a compressor stage in one gas would apply to other gases and at other test 

conditions.  For this investigation, the best similitude gas is helium.  Helium is an affordable and 

safe alternative to hydrogen with a similarly low molecular weight.  It is critical that the first 

compressor stage performance testing not be complicated with the issues of hydrogen 

embrittlement.  The issues of material compatibility and embrittlement are being addressed in a 

parallel effort in this program and these two issues should not be integrated at this time.  The use 

of helium in these first compressor performance tests allows us to focus on aerodynamic and 

thermodynamic characterization.  Helium testing will allow us to establish a performance 

baseline so that any performance effects due to embrittlement will be apparent at a later time.  

The operating conditions of the helium test rig that will allow non-dimensional similitude 

between the design point and the test rig operating conditions were determined:  
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 Speed: 39,323 rpm 

 Inlet Pressure: 100 psi 

 Inlet Temperature: 100 oF 

 Power: 102 kW 

At these operating conditions, the values of the critical non-dimensional parameters are within 

the permissible deviation of type 2 test (Table 13). 

 

Table 13. Non-dimensional parameter values for the helium test rig and permissible type 2 deviations. 

Quantity  Symbol 
He Test Rig 

Performance 

Type 2 Permissible 

Deviation 

Specific Volume Ratio  vi/vd 1.052 1.018 – 1.126 

Flow Coefficient  Φ 0.1253 0.120 - 0.130 

Machine Mach No.  Mn 0.3266 0.141 - 0.532 

Machine Reynolds No.  Rem 3.33e5 1.55e5 – 1.55e7 

 

The individual 100 kW motor elements of the single stage compressor drive system is shown in 

Figure 51.  The fabrication and heat treatment of the drive shafts during various stages of 

assembly are shown in Figure 52.  The final machining of these crucial dynamic elements of the 

rotating assembly was performed in-house.  Static elements of the drive system were fabricated 

outside.  The fabrication of the impeller was performed by a 5-axis CNC vendor.  In order to 

assure the highest safety material standards, the raw material used to fabricate the compressor 

impeller was subjected to ultrasonic inspection per ASTM-2375.  This material was subjected to 

the highest NDE inspection standard to assure that no internal voids or cracks were present.  

Such testing was necessary and is commonly used to avoid premature failure of the rotating 

group.  The two shafts of the dual-drive system were fabricated and prepared for installation.  

Along with the shaft components, the fabrication steps of other static components of the dual-

drive system are shown in Figure 53.  The components shown below were assembled and 

prepared for the initial demonstration testing of the motor drive system.  In addition to these 

components, MiTi® thrust and journal bearings were fabricated for assembly into the 100 kW 

motor.  Each 100 kW motor contains two journal and two thrust bearings for a total of eight 

compliant foil bearings to support the entire rotating group. In parallel with fabrication, electric 

motor variable frequency drives (VFDs) were installed and the facilities were upgraded to 

accommodate the 400 amp, 480 volt requirements.  The dual VFDs are shown in Figure 54 

shortly after being received.   
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Figure 51. Pair of 100 kW motor elements for use in the dual drive single stage compressor 

 

  

Figure 52. The two shafts of the dual-drive system of the 

single stage compressor.  The rough shafts are shown 

following heat treatment (above).  The shafts were then 

machined (above, right) and finally precision ground for a 

high-tolerance fit (right) with the motor assembly 
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Figure 53. Completed components of the dual-drive system of the single stage compressor test 

 

  

Figure 54. Dual motor variable frequency drives (VFD) shown after being received at MiTi 

 

Initial dynamic testing of the motor and VFDs was performed prior to compressor performance 

testing. A single 100kW electric motor was assembled for testing of the shaft and rotor only, as 

shown in Figure 55.  Data from this initial dynamic testing of the motor are shown in Figure 56.  

The motor was first successfully tested up to 25,000 rpm and stable operation was observed.  

Testing was performed for each motor individually up to 60,000 rpm to demonstrate stable 

performance. 
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100 kW Motor 

(A)

100 kW 

Motor(B)

Variable Freq. 

Motor Drive

 

Figure 55. 100 kW motor and VFD assembled and ready for testing. 
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Figure 56. Data from initial dynamic testing of the 100 kW motor to 25,000 rpm, demonstrating stable 

operation 

 

The next phase of testing will be to couple the two motors and demonstrate full speed operation 

without the impeller and, secondly, with the bladeless impeller.     

Each 100 kW motor was tested to 60,000 rpm. Test data for Motor (A) are provided in Figure 57.  

Testing was conducted at speeds ranging from 10,000 rpm to 60,000 rpm and stable motor speed 

control was demonstrated.  Foil bearing temperatures were carefully monitored during testing 

and stable bearing performance was observed during operation.  Bearing temperatures were less 

than 150oF at full speed.  During testing, cooling air was supplied externally at a rate of 15 scfm; 
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however, in the single stage compressor, bearing cooling gas was taken from the compressor 

bleed rather than externally provided.  Rotor vibrations were recorded during full speed testing 

using fiber-optic proximity probes.  The maximum rotor motions measured at full speed were 

0.0002” (see Figure 58).  This represents extremely low vibrations as it is approximately 

equivalent to the mechanical run-out of the rotor. 
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Figure 57. Testing of the individual 100 kW motor up to 60,000 rpm 

 

Figure 58. Rotor motion measurement recorded during testing (60,240 rpm) was found to be 

0.0002”.  This value is equivalent to the mechanical run-out 

 

Following successful testing of the individual motors, a bladeless compressor wheel was 

attached to Motor “A”.  The bladeless wheel (Figure 59-left) was designed to have the same 

mass, center of gravity and inertial properties as the bladed compressor wheel. Bladeless wheel 

testing was a cost effective method to demonstrate rotordynamics and system stability before 

testing with more delicate and costly components, such as bladed compressor wheels.  Test data 

with the bladeless wheel are presented in Figure 59-right.  The bladeless wheel testing was 

successful and the compressor performed as predicted.   Stable operation and low foil bearing 

temperature were observed.  Testing with the bladeless wheel was limited to 40,000 rpm for 

http://www.miti.cc/


Oil-Free Centrifugal Hydrogen Compression  DOE Grant No.:  DE-FG36-08GO18060 

65 

Mohawk Innovative Technology®, Inc.    URL: www.miti.cc 

1037 Watervliet-Shaker Road, Albany, NY 12205   Phone: (518) 862-4290, FAX: (518) 862-4291 
 

  

safety reasons.  Testing beyond 40,000 rpm with a compressor wheel was not conducted until the 

construction of the dedicated test cell, with proper safety provisions, was completed.   
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Figure 59. The 100 kW motor drive with a bladeless compressor wheel (left) and stable test data from 

operation up to 30,000 rpm 

 

After testing with the bladeless wheel, the bladed compressor wheel and volute were installed 

and tested (Figure 60).  Bearing temperatures were found to be lower in the bladed wheel due to 

additional cooling flows, which were provided by the compressor bleed air that was not available 

with the bladeless wheel.  Testing with the bladed wheel was limited to 15,000 rpm for safety 

reasons.  Results are shown in Figure 61. 

  

Figure 60. The bladed compressor wheel (left) and volute (right) attached to the 100 kW motor for performance 

testing. 

 

http://www.miti.cc/


Oil-Free Centrifugal Hydrogen Compression  DOE Grant No.:  DE-FG36-08GO18060 

66 

Mohawk Innovative Technology®, Inc.    URL: www.miti.cc 

1037 Watervliet-Shaker Road, Albany, NY 12205   Phone: (518) 862-4290, FAX: (518) 862-4291 
 

  

PRIMARY MOTOR
T9R6

Time (sec)

0 50 100 150 200 250

T
e

m
p

e
ra

tu
re

 (
o
F

)

50

100

150

200

250

S
p

e
e

d
 (

R
P

M
)

0

5000

10000

15000

20000

Journal Temp

Thrust Temp

Speed

 

Figure 61. Performance testing of the 100 kW motor with bladed compressor wheel and 

volute. 

 

After stable operation on the individual 100 kW motors was demonstrated at low speed (<15,000 

rpm), dynamic “check-out” testing of the coupled dual-drive system was performed.  In this test, 

the two 100 kW motor drives were mechanically coupled to one another to produce the 

necessary 200 kW needed for the single stage helium testing.  Again, without a dedicated test 

cell at the time, testing was limited to 15,000 rpm.  Testing was successful and low vibration was 

observed.  The FFT data presented in Figure 62 show no sign of sub-synchronous vibrations. 

Full speed testing and aerodynamic evaluation were completed once the dedicated test cell was 

completed. 

 

 

Figure 62. Vibration data during coupled motor testing 
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12.0 Single Stage Compressor Testing 

In order to test the single stage compressor system to the design speed of 56,000 rpm and fully 

evaluate the aerodynamics, a dedicated test cell was designed and constructed.  The test cell 

houses the 200 kW single stage compressor system for testing according to the guidelines 

published in ASME PCT-10.  The test cell was designed with reinforced walls and ceiling to 

protect against catastrophic failure. Design of the proposed test cell, with necessary safety 

measures for high-speed rotor testing, is shown in Figure 63.   

 

An independent review of ASME PTC-10 conformance for the single stage testing was 

performed by McHale & Associates Inc., an outside consultant, to verify the proposed single 

stage testing as well as verify the dedicated test cell had sufficient space for all the required 

plumbing and instrumentation.  McHale is an established expert in the field of compressor 

testing and auditing, and will provide valuable insight and assure compliance with PTC-10.  The 

first task performed by McHale was an overall review of the test instrumentation and test loop 

hardware, including review of the requirement for anti‐surge hardware. McHale performed 

calculations to determine surge volume required.  McHale also reviewed the test loop component 

capacity and sizing, and provided conclusions in a letter report.  Finally, a review of the test 

instrument selection and accuracy based on ASME PTC‐10 requirements was performed.   

The primary objectives of McHale's work included test rig component sizing, loop configuration, 

valve sizing, surge prevention verification, and instrumentation and uncertainty estimation.  

McHale concluded that MiTi’s test plan conforms with ASME PTC-10 and that the test loop 

components and configuration are appropriate.  Several helpful suggestions were made and 

recommendations regarding specific selection of critical components were given.  For example, a 

control valve was selected with a flow coefficient (CV) of 130-270 within the operating range of 

20 - 80% compressor flow.  This specification is critical in avoiding unstable flow behavior that 

Wall Detail

 

Figure 63. Test cell layout 
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could result in surge.  Given the promising results of the independent review by McHale, MiTi 

moved ahead with fabrication and assembly of the closed-loop system for testing the compressor 

with helium. The complete report provide by McHale can be found in Appendix A.  

Photographs documenting different phases of test cell construction are shown in Figure 64. A 3D 

rendering of the test cell with the closed flow loop and major components is shown in Figure 66.  

The system includes a holding tank, filter, control valve, after cooler and flow meter prior to 

intake at the compressor. A return flex line is also shown.  Note that the 3D model does not show 

the reinforced ceiling and door. MiTi selected a local small business with extensive experience in 

high pressure plumbing to complete the construction of the closed loop stainless steel flow 

system.   
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Figure 64. Photographs of different stages of test cell construction 

 

 

Figure 65. Top view of the 3D rendering of the completed single stage test cell with closed loop stainless 

steel plumbing 
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Figure 66. Side view of the 3D rendering of the completed single stage test cell with closed loop stainless steel 

plumbing 

 

The stainless steel volutes were received by MiTi from an outside casting vendor.  The newly 

fabricated stainless steel volutes are shown in Figure 67 and were used for compressor tests with 

system pressures of 25-100 psia.    
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Figure 67. Stainless steel volutes for high pressure testing 

 

After receiving the volutes from the casting vendor, final machining of the compressor shroud 

profile was performed by MiTi to assure reliable blade clearance during high speed operation.  

Once complete, a volute was installed on the single-stage compressor and fit was verified (Figure 

68).   
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Figure 68. Fitting and installation of the stainless steel volute on the single-stage compressor 

 

All instrumentations and controls were placed outside the cell to protect the expensive 

instrumentations and personnel. The completed test cell is shown in Figure 69. MiTi 

subcontracted a local small business with extensive experience in high pressure plumbing to fit 

and weld the closed loop stainless steel flow system, fabricate the tank to ASME specifications, 

and align and install other key components of the system.   

Other features of the test facility include a high resolution video camera for remote monitoring 

and video recording. A custom command console has been completed for the monitoring of all 

system data and simultaneous monitoring of the drive motor.  A custom GUI has been developed 

using Labview software (National Instruments).  The new GUI allows for direct command of 

motor speed control, monitoring of all pressure and temperature data, as well as high frequency 

spectral analysis of up to four proximity probes for vibration measurement.  Finally, the 

command console has remote access capabilities to allow the operator to control all test 

compressor and drive functions from a safe distance away from the cell. 
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Figure 69.  The instrumented single-stage compressor showing the test cell, the compressor, motor 

drive unit  and command console 

 

Another addition to the test facility that was completed was a closed loop liquid cooling system 

for the motor drives.  The cooling system consisted of a ¾ HP electric motor, solid particulate 

filter and liquid-to-air radiator.  The system was capable of removing greater than 50 kW of heat 

load, if necessary.  We anticipated a heat load of 10-20 kW for this application and, therefore, 

the cooling system was well sized for this application.   

A thermal mass flow meter (Sage Metering Inc., Monterey CA) was recently received and has 

been installed (Figure 70).  The flow meter, in conjunction with measurement of inlet and 

discharge gas pressure and temperature, allowed the compressor performance to be fully mapped 

and verified.  The completed single stage compressor with helium flow-loop and 200 kW drive 

motors is shown in Figure 71.     
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Figure 70. The recently installed thermal 

mass flow meter (above). Closed loop helium 

compressor test facility with the recently 

added flow meter (right)  
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Figure 71. Single stage compressor with newly fitted stainless steel volute (blue in color) for higher 

ambient pressure testing 

 

The first series of performance tests were conducted at rotational speeds of 20 krpm, 30 krpm and 40 

krpm.  Since the single-stage compressor was a closed-loop system, the helium gas was recycled and 

gas temperature continued to rise during operation until a steady state condition was reached.  The 

temperature differential between compressor discharge and inlet (Tout-Tin) is plotted in Figure 72 for 

40 krpm; the data (in blue) show that steady state behavior was achieved after approximately 500 

seconds. At that point, the slope of the compressor differential temperature was less than 0.1 oF/min. 

The differential pressure (Pout – Pin) is also plotted in the same figure (in red).  A fairly steady 

pressure differential, i.e., pressure rise of about 2.4 psi, was obtained under the tested condition. 

Several testing cycles were conducted with conditions specifically selected to satisfy the ASME 

PTC-10 requirements of a Type 2 test to validate the aerodynamics of the compressor system.  The 

full-scale H2 compressor has a design speed of 56 krpm with a flow rate of 2770 CFM per 

compressor wheel.  In Table 14, the non-dimensional performance estimates of the H2 full-scale 

design point are listed.  In order to match these estimates under a Type 2 test with a similitude gas, 

the single-stage compressor testing was conducted at 40 kprm and a helium flow rate of 2,000 CFM.  

The experimentally achieved performance parameters are summarized in the right-hand column of 

Table 14.  It can be seen that the helium testing conducted had successfully satisfied all four non-

dimensional requirements for similitude necessary for the ASME PTC-10 type 2 test.   
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Figure 72. Single-stage compressor pressure and temperature data in helium at 40 

krpm for 8 mins to achieve steady state conditions 

 

Table 14. Summary of operating conditions to meet ASME PTC-10 type 2 test 

Quantity  
H2 Design 

Point 

ASME Acceptable 

Test Variation 

Experimental 

Results 

Specific Volume Ratio  1.072 1.018 – 1.126 1.095 

Flow Coefficient  0.1253 0.120 - 0.130 0.126 

Machine Mach No.  0.3266 0.141 - 0.532 0.322 

Machine Reynolds No.  6.6e5 6.6e4 – 6.6e6 8.0e4 

 

In addition to aerodynamic performance verification at a single operating point, the compressor was 

operated at a variety of speeds.  At each fixed speed operating point, the control valve position was 

slowly adjusted between 100% open, down to 20% open to obtain a complete compressor 

performance map.  These data are presented in Figure 73 - Figure 76, where critical aerodynamic 

performance data of the single-stage compressor are shown at three operating speeds.  On each plot, 

the design point of similitude for ASME PTC-10 is shown with a star.  Theoretical performance 

predictions obtained from CENCOM commercial software are shown as solid lines.  Experimentally 

measured data are presented as data points.  Close agreements with theoretical calculation were 

observed, providing confidence in the proposed H2 compressor performance estimates on the multi-

stage design concept.  The experimentally measured head and efficiency were higher than theoretical 

predictions.  In order to verify that higher than predicted compressor discharge head was not a result 

of the air impurities within the flow loop, careful measurement of oxygen within the system was 

monitored before testing.  The concentration of oxygen, as measured from the bottom of the 1,000 

gallon recirculation tank, was kept between 0.5 - 0.9% O2 by volume.  Since the concentration of air 

at the bottom of the recirculation tank was highest at this location, the purity of helium within the 
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entire closed-loop system was conservatively estimated to be between better than 99%.  The predicted 

compressor head curves generated from the CENCOM computer software were then repeated with 

1% air impurities.  The predicted increase in compressor discharge head from this small impurity was 

not significant. 
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Figure 73. Comparison of theoretical and 

experimental compressor discharge head 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

500 1000 1500 2000 2500 3000 3500

A
d

ia
b

at
ic

 E
ff

ic
ie

n
cy

Volume Flow (CFM)

45 krpm

40 krpm

30 krpm

20 krpm

 

Figure 74. Comparison of theoretical and 

experimental adiabatic efficiency 
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Figure 75. Comparison of theoretical and 

experimental compressor temperature ratio 
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Figure 76. Comparison of theoretical and 

experimental compressor shaft power required for 

compressor.  Total mechanical efficiency of 85% 

assumed 

 

During steady state compressor testing, the thermal behavior of the 200 kW electric motors was 

also monitored.  In the closed loop system, a small fraction of helium circulated through the 

compressor, passing behind the compressor wheel and traveling a torturous path through all eight 

foil bearings and along the entire rotating shaft.  This helium “cooling” flow was returned to the 

system at the compressor inlet where pressure was lowest.  The helium flow through the foil 

bearings was necessary to prevent stagnation and thermal run-away.  The differential 
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temperature of foil bearings, relative to the compressor discharge that feeds directly to the 

bearings, is shown in Figure 77.  Differential temperature data is presented for the first thrust 

bearing and second journal bearing, as positioned relative to the compressor wheel.  These two 

bearings showed the highest operating temperatures of any foil bearings in the motor system and 

were, therefore, selected for discussion and analysis.  Due to heat produced while accelerating 

the motor, the bearings reached a maximum differential temperature of 5 - 15oF greater than the 

compressor discharge immediately following a change in speed.  After several minutes of 

operation at constant speed, the foil bearing temperatures converged towards the compressor 

discharge temperature, indicated by zero differential temperature.  These results confirmed that 

the heat generated by the foil bearings under steady state condition was very low.   
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Figure 77. Differential temperature of foil bearing minus compressor discharge temperature.  Shown above 

are the first thrust bearing and second journal bearing closest to the compressor wheel 

 

13.0 System Refinement and Economic Analysis 

The successful experimental testing of the single stage compressor per ASME PTC-10 provided 

validation of MiTi’s multi-stage centrifugal compressor for hydrogen pipeline distribution.  The 

results of experimental testing showed actual compressor performance to be slightly better than 

theoretical predictions.  Based upon the analytical and experimental results obtained through the 

course of this investigation, the entire multi-stage system configuration has been refined and a 

solid model is shown in Figure 78. 

http://www.miti.cc/


Oil-Free Centrifugal Hydrogen Compression  DOE Grant No.:  DE-FG36-08GO18060 

79 

Mohawk Innovative Technology®, Inc.    URL: www.miti.cc 

1037 Watervliet-Shaker Road, Albany, NY 12205   Phone: (518) 862-4290, FAX: (518) 862-4291 
 

  

3-Frame System

Single Frame

 

Figure 78. Refined 3D concept of the multi-stage oil-free centrifugal compressor for hydrogen 

pipeline 

 

While experimental results indicated that output head, efficiency and power were all better than 

theoretical predictions, MiTi still concluded that a modular 9-stage concept would be the 

optimum solution.  The use of 3 frames, each containing 3 stages, allowed for reduced cost of 

production and fabrication.  Furthermore, should the complete multistage system provide more 

than the required 1200 psi discharge pressure, the distance between adjacent compressor stations 

could to be increased and few stations would be required.  Given the excellent correlation 

between theoretical performance and experimental testing, no significant system refinement is 

needed.  
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13.1 Waste-Heat Recovery 

As mentioned above, the proposed multi-stage centrifugal compressor system meets the 2012 

DOE MYRDD targets. However, in recognition of the continual effort by the DOE to increase 

energy efficiency standards in this field, MiTi proposes the integration of a novel waste-heat 

recovery system to further reduce the cost of compression to meet future delivery targets above 

and beyond the current goals. The hydrogen pipeline compressor station produces large amounts 

of waste heat that is an optimum opportunity for energy recovery. Inter-cooling strategies have 

already been discussed previously in Section 7.0. The waste heat of compression and waste heat 

from the drive system, either electric motor or gas turbine drive, could be recovered to produce 

useful electricity to off-set the power requirements of the hydrogen pipeline compressor station. 

Use of water jacketed compressor stages would allow for near isothermal compression and 

improved system efficiency. The waste-heat would be converted to electric power through 

implementation of an organic rankine cycle, as depicted in the schematic shown in Figure 79. 
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Figure 79. Proposed waste-heat recovery for increased system efficiency and reduced environmental impact 

 

Under isothermal conditions, the power (Piso) of compression can be determined from the 

following equation: , where R is the universal gas constant, T is the 

gas temperature and M is the molecular weight of the working fluid. In this example, the 

isothermal work of compression would be 9,875 HP to achieve a 2.4 pressure ratio with a flow of 

500,000 kg/day. By comparison, the compressor configuration with inter-stage cooling requires 

approximately 12,000 HP for the same pressure and flow condition. This cursory example 

demonstrates a potential for a reduction of 17% compressor power. Further energy is saved when 

we consider the output of the turbine generator or the organic rankine cycle used in the heat 

recovery operation.  MiTi is intimately familiar with the design and development of such cycles 

for similar waste heat recovery and has demonstrated processes that can achieve thermal 
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efficiencies of up to 10%. The output power from the organic rankine cycle is an added energy 

savings on top of the performance gained from isothermal compression.  

13.2 Cost Analysis 

A preliminary cost analysis has been performed for the proposed multi-stage hydrogen 

compressor design. This analysis does not include the use of organic rankine cycle for heat 

recovery. In conducting this cost analysis, several key component quotes from machine shops 

and subsystem suppliers were obtained and data from trade journals were reviewed. These quotes 

and industry data were then rolled up into composite system cost estimates presented in Table 15 

and Table 16. 

 

Table 15. Costing of the compressor system for various materials of construction 

 High-Strength 

Steel 

Titanium 

Alloy 

Compressor only $4,101,440 $4,204,970 

Compressor and Drive $7,301,440 7,404,970 

 

A breakdown of the costs by component is provided in Figure 80 for high-strength steel and in 

Figure 81 for titanium. After completing a detailed design of the multi-stage hydrogen 

compressor, a final review of the MiTi accomplishments relative to both DOE target was 

performed. Based on MiTi’s economic cost projects, this program has shown that the proposed 

technology is capable of meeting the DOE’s 2012 MYRDD performance and cost metrics. For 

reference, performance and cost analysis of a natural gas pipeline compressor are provided. 

 
 

Figure 80.  Cost breakdown of the high-strength steel compressor and drive.  Costs shown in dollars (left) and 

as a percentage of the total system price (right) 
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Table 16. DOE 2012 MYRDD design targets. 

Characteristics
Natural Gas  

Pipelines
DOE Target

MiTi 
Projection

Efficiency (%) 98% 98%

Hydrogen Capacity (kg/day) 100,000 to 1,000,000 500,000

Hydrogen Leakage <0.5 0.2

Hydrogen Purity 99.99 99.99

Inlet Pressure (psig) 300-700 300-700 500

Discharge Pressure (psig) 1,000-1,200 1,000-1,200 1,226

Compressor Component Cost ($Million) $9.2¹ $9.0 $6.1

Compressor Drive $400/HP  ($Million) $6.4 $6.4
Total Compressor Package (2005 
$Million)

$15.6
$12.5

Maintenance Cost (% total Capital 
Investment) 9.3%² 10%...7%...3% <3%

Maintenance Cost ($/kW-hr) $0.0157 ³ $0.007 <$0.005

Package Size (sq-ft) ~1,000 300-350 160

Reliability (# Systems Required)
High - Eliminate 

Redundant Systems
Very High – Oil-Free 

Modular System

1 Oil & Gas Journal, Vol. 107.Issue_34,2010, Transportation. Special Report: Pipeline Profits Capacity Expansion Plans Grow Despite Increased Costs

2 DOT/PRCI Pipeline R&D Forum December 11-12, 2003, Washington, DC;                               3 Oil & Gas Pipeline Sept 14, 2009, pp77-79 

 

 

 

 

  

Figure 81.  Cost breakdown of the high-strength steel compressor and drive. Costs shown in dollars (left) and 

as a percentage of the total system price (right) 
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14.0 Summary  

To meet the transmission and delivery compression needs of the DOE, a novel and advanced 

high-speed, oil-free centrifugal compressor system technology has been designed and 

experimentally validated. MiTi has shown that with three multi-stage centrifugal compressor 

frames, operating in series at speeds of 56,000, the DOEs pipeline hydrogen delivery needs can 

be met. The MiTi system has a flow capacity of 500,000 kg/day of compresses hydrogen with a 

discharge pressure of 1200 psig. The high operating speeds provide blade tip speeds on the order 

of 1600 ft/sec (seen in advanced gas turbine engine components) and bearing DNs greater than 3 

Million (where D is diameter in mm and N is speed in rpm) to achieve peak efficiency with high 

power density. This advanced compressor design, enabled through the application of MiTi’s 

compliant foil bearing technology, exceeds the capabilities of state-of-art oil-lubricated bearings 

by a factor of 2 or more. A double entry, multi-frame design was chosen to minimize thrust 

loads, machine complexity and power loss. This multi-frame system concept also offers a high 

degree of modularity to account for differing inlet conditions and requirements. For example, if 

inlet pressure conditions are lower than our reference inlet condition of 500 psig, then it would 

be possible to use more frames and or more stages per frame, as needed, to achieve the desired 

output conditions. This concept also incorporates a novel waste-heat recovery system for 

improved efficiency to meet the latest DOE efficiency goals. This design meets the DOE’s 

performance targets and achieves an extremely aggressive, specific power metric of 0.48 kW-

hr/kg and provides significant improvements in reliability/durability, energy efficiency, sealing 

and freedom from contamination. The multi-stage compressor system has been validated through 

full scale performance testing of a single stage with helium similitude gas at full speed in 

accordance with ASME PTC-10. The experimental results indicated that aerodynamic 

performance, with respect to compressor discharge pressure, flow, power and efficiency 

exceeded theoretical prediction. Dynamic testing of a simulator multi-stage compressor was also 

completed under a parallel program to validate the integrity and viability of the system concept. 

The results give strong confidence in the feasibility of the multi-stage design for use in hydrogen 

gas transportation and delivery from production locations to point of use. Finally, a novel waste-

heat recovery system has been presented for integration into the proposed multi-stage 

compressor system. This stat-of-the-art system also features MiTi’s high-efficiency 

turbomachinery and oil-free technology. While the proposed compressor system meets 2012 

MYRDD standards without waste heat recovery, MiTi recognizes ever increasing efficiency 

metrics will make such an approach highly desirable in the near future.
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15.0 Recommendations for Follow on Program 

The results from single-stage compressor tests have validated the aerodynamic performance of 

the proposed hydrogen compressor through similitude testing in helium gas. In parallel, 

laboratory scale testing and literature surveys have provided data for selection of the most 

appropriate materials, coatings and manufacturing techniques to provide high confidence that the 

proposed compressor will be compatible in a hydrogen environment. Therefore, the next step in 

the development of this compressor concept is to conduct realistic testing in a hydrogen 

environment. In a program currently in progress through DoD funding, MiTi has developed and 

tested a smaller scale, multi-stage compressor in a hydrogen environment. This compressor also 

operated with a compressor tip speed of nearly 1,600 ft/s and combines two stages of compressor 

on a single shaft. These results will provide valuable data and confidence that can be leveraged 

by the pipeline compressor program. Based upon the results presented above which show 

feasibility of a centrifugal multi-stage compressor for pipeline delivery of gaseous hydrogen, 

Mohawk Innovative Technology recommends the following efforts to continue the development 

towards a full scale system. The recommended follow-on program includes the three primary 

objectives 1) testing of the single stage compressor in hydrogen, 2) finalization and detailed 

design of the multi-stage compressor design to prepare for manufacturing, 3) design of a sub-

scale multistage compressor for validation testing and 4) materials testing to address and further 

understanding of hydrogen embrittlement mechanism as it pertains to centrifugal hydrogen 

compressors. 

The single-stage compressor, with close-loop flow plumbing, instrumentation and dedicated 

test enclosure has already been validated in helium. In order to test the single-stage compressor 

in hydrogen, several hardware modifications will be needed.  The rotating components (impeller 

and shaft) are currently constructed of Ti-64.  New components will be fabricated from a beta 

titanium allow and coated with both TiN and CrN for additional safety measure. Other static 

components, such as o-rings, and instrumentation not capatible with hydrogen will also be 

upgraded for testing.  Compressor testing will be performed under various operating conditions 

to validate the performance and reliability of the single-stage compressor. The compressor will 

be instrumented to measure flow, pressure and temperature in various locations.  Accelerometers 

located in various positions will be used to monitor dynamic stability of different regions of the 

test rig. All components will be disassembled after many hours of operations and start/stops to 

evaluate the condition of each component. 

In parallel with the single-stage hydrogen testing, the detailed design of the multi-stage 

compressor will be completed. A multi-stage hydrogen compressor frame will be comprised of 

three identical impeller wheels. While the aerodynamic design is complete, a number of other 

components such as seals, couplings, housing components and drive systems are needed. Under 

this task, these details will be resolved and detailed manufacturing drawings will be created. 

Expected budget limitations make manufacturing of a full scale multi-stage compressor, with 

drive system, unlikely. However, to address the restrictions of the budget, a sub-scale 

compressor system can be manufactured for testing. By scaling the multi-stage compressor with 

regard to mass flow, but maintaining pressure ratio requirements, both cost and power can be 

reduced. The already tested 200kW drive system which operates at 60,000 rpm can be used to 

drive a reduce-scale multistage compressor with flow rates on the order of 100,000 kg/day 
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hydrogen.  This subscale compressor will reduce material cost, manufacturing effort and reduced 

program risk; while at the same time providing dynamic performance in the presence of multi-

stage complexities such as inter-stage seals, thermal management and control of assembly 

tolerances. 

One of the key risks which have been identified by MiTi through the course of this research 

program is the limited understanding of the embrittlement mechanism as it pertains to high-stress 

rotating equipment. While MiTi has selected beta-titanium allot for the rotating equipment, the 

basic mechanical properties of these alloys (Ti 10-2-3 and Ti 15-3) when exposed to hydrogen at 

not well established. The focus of this final task will be to measure baseline mechanical 

properties for hydrogen-exposed Ti-10-2-3 and Ti-15-3. Product forms of Ti-10-2-3 and Ti-15-3 

will be selected to enable the design and fabrication of conventional tensile and fracture 

mechanics specimens. The mechanical property measurements will emphasize tensile 

deformation and fracture, as well as fatigue crack growth (FCG). Testing will be conducted 

through collaboration with both commercial and government sponsored materials laboratories. A 

combination of TiN and CrN has been tentatively selected for the rotating components. Both 

coatings are excellent hydrogen permeation barriers based on published literature. The latter also 

has excellent wear resistance. These coatings will be evaluated for their capability in stopping or 

slowing permeation of hydrogen into the titanium alloys. Samples coated on all sides will be 

placed in a high pressure hydrogen chamber at appropriate temperatures and pressures. 

Hydrogen concentration in the samples will be measured following this treatment. Samples will 

be also charged with hydrogen, followed by hydrogen concentration measurements. Tensile test 

sample will be prepared and coated prior to testing.  The samples will be stressed either in 

hydrogen gas or in air, depending on the outcome of previous materials testing. Fatigue testing 

will be performed with coated thin foil samples.  

At the conclusion of this program, the design of a full-scale, multi-stage hydrogen compressor 

for pipeline delivery will be complete.  Validation testing in hydrogen will prove aerodynamics, 

durability, reliability and compatibility.  The subscale multi-stage test rig will validate the 

necessary seals, thermal management strategies and assembly methods. And finally, materials 

testing will provide greater understanding of the hydrogen embrittlment mechanism. The above 

efforts will be extremely beneficial to the development of this technology as it transitions from 

research to commercialization.  
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17.0 Partial List of Visits 

 

 In December, Dr. Said Jahanmir (MiTi Program Manager) and Ms. Melissa Heshmat 

(MiTi CFO) traveled to Hiroshima, Japan to meet with Mitsubishi staff to finalize the 

subcontract with MHI and plan the technical collaboration. 

 

 Dr. Hooshang Heshmat (MiTi PI) traveled to Hiroshima, Japan to meet with 

Mitsubishi staff and discuss the technical collaboration plan. 

 

 During this reporting period, Mr. Masayuki Kita of MHI visited Mohawk Innovative 

Technology, Inc, in Albany, NY to discuss the technical plans for the second and 

third year of the project 

 

 NIST Boulder Hydrogen Compatibility Laboratory, August 2010 

 

 Tech Team Review, Dec 9th 2010, Detroit, MI. 

 

 Dr. Hooshang Heshmat (MiTi PI) Carbon-Neutral Energy Research Institute Kickoff 

Symposium, February, 1st, 2011, Kyushu University, Fukuoka, Japan 

 

 Dr. Hooshang Heshmat (MiTi PI) as keynote speaker attended International 

Hydrogen Energy Development Forum 2011 – 2011 Hydrogenius Tribology 

Symposium, February 3rd, 2001, Kyushu University, Fukuoka, Japan 

 

 Dr. Hooshang Heshmat (MiTi PI) Visitation and Program Review at MHI Facility, 

February 7, 2001, Hiroshima, Japan 

 

 Dr. Sunita Satyapal, Program Manager, Fuel Cell Technologies and Dr. Antonio 

Ruiz, Team Lead, Safety, Codes &Standards visited MiTi in September for a brief 

tour of the facilities. 

 

 Dr. Said Jahanmir attended a local workshop held at College of Nano Science in 

Albany, NY on fuel cell and hydrogen infrastructure in September. 

 

 Dr. Said Jahanmir visited the DOE HQ and briefed the Program Managers of the 

status of the project and discussed the remaining testing plan (November 2012) 

 Dr. Hooshang Heshmat (MiTi PI) attended each and every Tech Team Meetings as 

well as AMR Meetings held by DOE, every year throughout the Program period 
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18.0 Publications / Presentations 

 

1. “Oil-Free Centrifugal Hydrogen Compression Technology Demonstration,” DOE 

Hydrogen Program Annual Review and Peer Evaluation Meeting, June 2008, 

Arlington, VA. 

2. “Oil-Free Centrifugal Hydrogen Compression Technology Demonstration,” DOE 

Hydrogen Program Annual Review and Peer Evaluation Meeting, May 2009, 

Arlington, VA. 

3. DOE Hydrogen Delivery Tech Team Meeting December 15th, 2009, Washington DC. 

4. DOE Pipeline Materials Workshop, NIST, Boulder Co, August 2010.  

5. Heshmat H., Hunsberger AZ., Ren Z., Jahanmir S., Walton JF., “On the Design of a 

Multi-Megawatt Oil-Free Centrifugal Compressor for Hydrogen Gas Transportation 

and Delivery – Operation Beyond Supercritical Speeds”, November 12-18, 2010, 

Vancouver, British Columbia, Canada. 

6. Heshmat H., Invited Keynote, “Tribological Requirements of High-Speed Oil-Free 

Rotating Machinery for Hydrogen Applications,”  2011 Hydrogenous Tribology 

Symposium, February 3, 2011, Fukuoka, Japan. 

7. Heshmat H., “Design of a Multi-Megawatt Oil-Free Centrifugal Compressor for 

Hydrogen Gas Transportation and Delivery,” Fuel Cell and Hydrogen Energy Expo, 

February 15, 2011, National Harbor, Md. 

8. Heshmat H., “Oil-Free Centrifugal Hydrogen Compression Technology 

Demonstration”, Annual Merit Review, DOE Hydrogen and Fuel Cells Program 

Annual Merit Review and Peer Evaluation Meeting, May 9-13, 2011, Washington, 

D.C. 

9. Delivery Tech Team Meeting, Energetics Offices, Columbia Md., January 5th, 2012. 

10. Invited presentation, on Hydrogen Compressor, International Tribology Conference, 

Hiroshima, Japan, Decemberr 2011 

11. ARPA-E Energy Innovation Summit:  MiTi visited and presented at the ARPA-E 

Convention; February 27-29, 2012 in National Harbor, MD. The mock-up of a single-

frame of the hydrogen compressor was demonstrated at this event, Figure 82. 

12. World Hydrogen Energy Conference (WHEC):  Toronto Ontario, Canada, June 3-7.  

MiTi attended the WHEC in Toronto Canada and exhibited the full-scale mock-up of 

the hydrogen compressor being developed under this program. 

13. Walton, JF, “Design of a Multi-Megawatt Oil-Free Centrifugal Compressor for 

Hydrogen Gas Transportation and Delivery”, presented at the World Hydrogen 

Energy Conference, Toronto, Canada, June 6, 2012. 
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14. Heshmat, H, “Oil-Free Centrifugal Hydrogen Compression Technology 

Demonstration”.  Presented at the Hydrogen and Fuel Cells Program Annual Merit 

Review and Peer Evaluation Meeting, May 17, 2012, Arlington VA.  

15. MiTi presents, “Operation of the single stage compressor”. Multimedia video can be 

viewed at the following site: (http://www.youtube.com/watch?v=dPn0uLIdtS8). 

16. H. Heshmat, A. Hunsberger, Z. Ren, S. Jahanmir, and J. F. Walton, “Oil-Free Foil-

Bearings for Centrifugal Hydrogen Compressor,” Tribology Online, January 2013. 

17. Heshmat H., Walton JF., “Oil-Free Modular System Designs for Industrial 

Compressors and Renewable Energy Turbine Generator Systems,” Clean Technology 

Conference and Expo, June 21, 2010, Anaheim, CA 

18. Jahanmir S., “Hydrogen Compressor Material Selection Challenges,” DOE Pipeline 

Materials Workshop, NIST, Boulder Co, August 17, 2010.  

19. Heshmat H., Hunsberger AZ., Ren Z., Jahanmir S., Walton JF., “On the Design of a 

Multi-Megawatt Oil-Free Centrifugal Compressor for Hydrogen Gas Transportation 

and Delivery – Operation Beyond Supercritical Speeds”, Proceedings of the ASME 

International Mechanical Engineering Congress and Expo, November 12-18, 2010, 

Vancouver, BC, Canada. 

20. Heshmat H., Jahanmir S., “Oil-Free Centrifugal Compression Technology 

Demonstrations,” Hydrogen Delivery Tech Team, December 9, 2010, Southfield, MI.  

21. Heshmat H., Invited Keynote, “Tribological Requirements of High-Speed Oil-Free 

Rotating Machinery for Hydrogen Applications,” 2011 Hydrogenous Tribology 

Symposium, February 3, 2011, Fukuoka, Japan. 

22. Heshmat H., “Design of a Multi-Megawatt Oil-Free Centrifugal Compressor for 

Hydrogen Gas Transportation and Delivery,” Fuel Cell and Hydrogen Energy Expo, 

February 15, 2011, National Harbor, Md. 

23. Heshmat, H., “Centrifugal Hydrogen Compressor,” DOE Merit Review, Crystal City, 

May 10, 2011 

24. Heshmat, H., Hunsberger, A., Ren, Z., Jahanmir, S., and Walton, J., “Oil-Free 

Bearings and Seals for Centrifugal Hydrogen Compressor,” International Tribology 

Conference, Hiroshima, Japan, December 5, 2011.  
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Figure 82. MiTi exhibit booth at the 2012 ARPA-E Energy Innovation Summit at the Gaylord National 

Convention Center in National Harbor, MD 
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19.1 APPENDIX A: Subcontractor Report – PTC 10 Compliance 
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19.2 APPENDIX B: Subcontractor Report - CFD  
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