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Abstract. Analytical and numerical investigations of a Heisenberg Vortex Tube (HVT) are 

performed to estimate the cooling potential with cryogenic hydrogen. The Ranque-Hilsch Vortex 

Tube (RHVT) is a device that tangentially injects a compressed fluid stream into a cylindrical 

geometry to promote enthalpy streaming and temperature separation between inner and outer 

flows. The HVT is the result of lining the inside of a RHVT with a hydrogen catalyst. This is the 

first concept to utilize the endothermic heat of para-orthohydrogen conversion to aid primary 

cooling. A review of 1st order vortex tube models available in the literature is presented and 

adapted to accommodate cryogenic hydrogen properties. These first order model predictions are 

compared with 2-D axisymmetric Computational Fluid Dynamics (CFD) simulations. 

1.  Introduction 

Many fundamental theories have attempted to model the energy separation mechanism that drives the 

Ranque-Hilsch Vortex Tube (RHVT) [1, 2]. This “tornado”-generation device operates similarly to a 

rotor-less turbo-expander by converting fluid power into cylindrical kinetic energy. This kinetic 

energy has a substantial gradient which radially streams enthalpy to generate a temperature difference 

between inner and outer flows that are extracted on either end of the tube. The Heisenberg Vortex 

Tube (HVT) is a new concept that modifies the RHVT specifically for cryogenic hydrogen by 

incorporating a para (p) to ortho (o) hydrogen conversion (p-o) catalyst on the inner wall of the 

centrifuge. The HVT is based on the most common counter-flow RHVT configuration and is shown in 

figure 1 below. 

 
 

Figure 1. Conceptual schematic of a counter-flow Heisenberg Vortex Tube (HVT): 𝐴. Inlet injection 

plenum, 𝐵. Vortex Generator, 𝐶. Centrifuge with catalytic liner, 𝐷. Hot annular plug outlet, 𝐸. Cold 

centerline diffuser. 
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This catalyst, allows for the endothermic heat of p-o conversion to improve cooling performance 

beyond that of a conventional RHVT. To predict performance gains from the HVT concept an 

extended heat exchanger model is presented and compared to other empirical and semi-empirical 

models that are adapted to cryogenic hydrogen. Following this we present a validated CFD code 

adapted for operating with REFPROP integrated cryogenic hydrogen properties. We conclude with a 

comparison of the models operating with cryogenic hydrogen at an inlet temperature of 77 K and show 

preliminary comparisons to initial experimental measurements in a companion publication.  

2.  Overview of 1st Order Vortex Tube Models 

Since the discovery of the vortex tube there have been many theories which attempt to describe the 

theoretical energy migration mechanism which cools the inner and heats the outer flow. The original 

pioneers who studied the phenomena relied on experimental iteration to connect flow geometries with 

simplified fluid properties for the first predictive models [3]. We primarily restrict this overview to 

models developed over the last two decades.  

J.G. Polihronov and A.G. Straatman (2012) modeled the vortex tube by isolating the centrifugal 

effects on a rotating fluid in an adiabatic duct [4]. A second law efficiency was obtained from Eiamsa-

ard and Provonge (2008) to gain insight into the ideal performance of the vortex tube. [5]. Another 

vortex tube modelling approach by Ahlborn and Gordon (2000) is to account for secondary flow by 

analogy with a heat pump [6]. Another model from Liew et al. (2012) explains that the fundamental 

heat transfer mechanism is due to radial pressure gradient heat pumping by turbulent eddies which are 

compressed and expanded in outer and inner flows [7].  

However, the semi-empirical models above were derived with air at room temperature. Cryogenic 

hydrogen can exhibit non-ideal behaviour and thus presents a need for additional model 

considerations. Moreover, fluid properties can vary significantly within the vortex tube itself, 

especially in the case of a reacting para-orthohydrogen flow, creating the need for spatial resolution of 

properties and higher order models. 

 An Extended Heat Exchanger (EHE) model of a counter-flow heat-exchanger was 

implemented by Nellis and Klein (2002) which originated from Lewins et al. (1998) [8, 9]. This model 

introduced fluid properties in a quasi-1D outer and inner flow scenario. 

3.  Adaptation of the EHE Model for Cryogenic Hydrogen 

The EHE model accounts for turbulent heat pumping from the inner to outer flow under a pressure 

gradient. The inner flow cross-section is approximated as a forced turbulent vortex and the radial heat 

pumping is driven by turbulent fluctuations of fluid particles in the presence of a pressure gradient. 

The energy balance for the inner flow is modeled as:  

 

�̇�𝑖𝑐𝑝

𝑑𝑇𝑖

𝑑𝑥
=  −�̇�𝑖𝑜 

 

Where the term of the left is the temperature differential, the first term on the right represents the 

turbulent heat transfer as in equation (3) below. The enthalpy streaming is a result of particle transport 

from a higher or lower pressure region as it contracts or expands. The energy balance is similar to the 

outer flow with the addition of the p-o conversion term. The energy balance for the outer flow is: 

 

�̇�𝑜𝑐𝑝

𝑑𝑇𝑜

𝑑𝑥
=  �̇�𝑖𝑜 − �̇�𝑝𝑜𝐴𝑣𝑡Δℎ𝑝𝑜 

 

The last term represents the p-o conversion which causes an endothermic reaction in the outer flow 

where current conversion units measure per area, 𝐴𝑣𝑡, of catalyst. Methods for calculating the enthalpy 

of formation for p-o conversion are described elsewhere [10]. Investigation of the p-o transition 

catalysis mechanisms on a molecular level reveals why the near supersonic azimuthal vortex tube flow 

boosts catalyst performance. The two main factors which dictate the probability for a para molecule to 
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transition into the ortho- state are the kinetic energy which the molecule impinges on the catalyst and 

the spatial interaction with the catalyst perturbation mechanism. Molecular hydrogen has the potential 

to stick or become physisorbed to a catalyst surface [11]. However, the proton-perturbation distance 

has the most influence on the conversion rate which changes at the distance raised to the eighth and 

sixth powers in two separate models [12]. There is also an optimum surface residence time for a 

molecule to conduct the p-o conversion energy. This time typically increases with decreasing 

temperature. Therefore, the conversion mechanisms at work in the high shear and turbulent flow of the 

hydrogen in the vortex tube have potential to enable fast transitions through intense interaction and 

mixing. As the catalyst interacts with the high shear boundary layer the equilibrium o-p fraction is 

shifted to favor a higher orthohydrogen fraction due to the increased temperature. To estimate the 

converted mass flow rate, �̇�𝑝𝑜, the percentage of conversion is modeled by the conversion potential: 

 

𝛽𝑐𝑝 =
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑝 − 𝑜 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒

𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑝 − 𝑜 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒
  

 

Thie conversion potential in equation (3) provides a benchmark metric which allows simple comparison 

of various catalyst performance. The specific metric indicates that the performance of the catalyst 

approaches the ideal max conversion value at 𝛽𝑐𝑝 = 1 given that the max possible conversion potential 

lowers as the cold flow fraction increases. [12]. A mixture of equilibrium hydrogen will lack a 

conversion potential without a temperature differential. The equilibrium orthohydrogen fraction at an 

inlet of 77K is approximately 49.4%. This equilibrium ortho-hydrogen fraction increases to 

approximately 55.5% at the EHE predictive outer wall temperature. Therefore, the maximum para-ortho 

hydrogen conversion percentage is 6.1%. We can estimate the power extraction possible given the para-

orthohydrogen enthalpy of conversion of 683 kJ/kg at an average of 81 K and total mass flow rate of 

0.15 g/s. This power extraction equals approximately 5 W in addition to the fluid mechanical cooling 

power of 43 W. The �̇�𝑖𝑜 term in equation (2) represents the turbulent heat transfer model under a radial 

pressure gradient from inner to outer flows: 

 

�̇�𝑖𝑜 = −𝑐𝑝𝜌𝑙2
𝑑𝑉

𝑑𝑟
[
𝑑𝑇

𝑑𝑟
− (

𝑑𝑇

𝑑𝑃
)

𝑠

𝑑𝑃

𝑑𝑟
] 

 

 Where 𝑐𝑝 is the specific heat at constant pressure, 𝜌 is density, 𝑙 is the turbulent mixing length, 𝑇𝑚,

𝑃𝑚 are the mean temperature and pressure in the mixing length model. The principle behind this model 

is that a particle absorbs or rejects heat when its temperature due to expansion or compression in the 2nd 

term becomes different than the local temperature in the 1st term. The model assumptions include 

isentropic compression and expansion when turbulence causes random shifts in the radial direction. 

Another empirically derived parameter is the pressure at the hot end which is contributed by 1/3 of the 

𝑃𝑅 and 2/3 of the pressure at the cold end. REFPROP fluid properties have been implemented as well. 

Overall performance is sensitive to the isentropic nozzle efficiency and is set at 95%. Fitting parameters 

include turbulent mixing length, returning flow fraction, and tangential velocity decay [13].  

 The model is solved for the temperature of both the hot and cold through the specification of a cold 

flow fraction, inlet temperature, pressure ratio. A forward-time Crank-Nicolson finite difference scheme 

is used to solve for the temperatures of both inner and outer flows. Figure 3 shows the effect of catalyst 

activity on HVT performance. 
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Figure 3. Plot of temperature drop versus cold flow fraction at various conversion rates at a 𝑃𝑅 = 2. 

Equilibrium conditions are associated with the p-o heat of conversion potential at the hot outlet. 𝜇 is the 

cold flow fraction. ΔTC is the differential in cold outlet to reservoir temperature K ΔTH is the differential 

in total temperature from hot outlet to reservoir in K).   
 

With a perfect catalyst present, the cold end temperature is projected to improve 10%. The addition 

of experimentally measured CB-II-88 by Brooks et al. shows a 𝛽𝑐𝑝 = 2.35 at 𝜇 = 0.15 and 𝛽𝑐𝑝 = 1.25 at 

𝜇 = 0.55. What this model ultimately reveals is an inverse of typical concave cold flow fraction versus 

cold end temperature [2]. There is typically a decrease in cold end temperature drop at higher cold flow 

fractions. However, this indicates an increase in efficiency at higher cold flow fractions which is due to 

the axial shear work transfer. Previous studies have shown that the axial shear work transfers the sensible 

heat from the outer flow into the inner flow which reduces total energy separation. However, with 

hydrogen, the inner - outer shear boundary layer is close to the outer wall which reduces this effect.  

Ultimately, even the spatially resolved EHE model makes aggressive assumptions regarding the 

turbulent mixing length and enthalpy streaming. Comparisons with Computational Fluid Dynamic 

models of the HVT can help to validate these assumptions. 

4.  Computational Fluid Dynamic Models of Vortex Tubes 

Computational Fluid Dynamic (CFD) packages have renewed interest in the RHVT. We briefly 

overview some of the most recent studies. Aljuwayhel et al. modeled a vortex tube with a Re-

Normalization Group (RNG) and standard 𝜅 − 𝜔 solver in ANSYS FLUENT® [14]. A Large Eddy 

Simulation (LES) code was used by T. and B. Farouk to model the vortex flow [15]. T. Dutta 

compared a 3D simulation to an axisymmetric 2D mesh and noted the temperature differential was 

very small [16]. As with the air-derived 1st order models these studies primarily focus on the room 

temperature regime. However, the application of a cryogenic vortex tube for two-phase liquid oxygen 

extraction has been investigated [17, 18].  

A 2D axisymmetric model with swirl is based on a vortex tube geometry which was validated with 

air at room temperature [19]. The mesh of the 2D model converges at a total node count of 99,693 to 

produce consistent results and avoid unnecessary computational cost. In order to adjust performance 

parameters, the hot and cold exit pressures determined the cold flow fraction and pressure ratio, 

respectively. This model uses a standard RANS based 𝜅 − 𝜔 turbulence solver with compressibility 

effects that has been previously implemented with success [19]. The fluid properties of equilibrium 
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normal-hydrogen were implemented through REFPROP with the density-based solver at 77 K. 

Effective mass and energy errors are less than 0.5% for the model shown below. 

 
Figure 4. Performance plots of 2D axisymmetric CFD model with REFPROP integrated. Inlet and 

cold end on left and hot end further downstream on right. 𝑃𝑅 = 1.73, 𝜇 = 0.37. A. Total temperature 

contour. B. Tangential swirl velocity. C. Effective thermal conductivity. 
 

This model shows an intense tangential velocity at the inlet which sharply transitions into a free 

vortex near this region and confirms the tangential shear force as the main energy separation 

mechanism. This then transitions into a forced vortex wake region which conducts heat from the 

center of the vortex tube to the outer wall as see in figure 4, C. The plots in figure 4 above also show a 

distinct reduction in the heat transfer from inner to outer flow as the tangential swirl velocity decays. 

However, lighter molecular weight working fluids have shown to produce higher temperature 

separations [16]. This may be due to the sharp tangential velocity gradient near the inlet which enables 

a discrete turbulent wake region which enable turbulent heat transfer fluctuations.  

 

5.  Comparisons of Models to Experimental Measurements 

The 1st order literature-derived models as well as the EHE and CFD models above provide a broad look 

at the performance potential of the HVT. In a companion publication, we have also conducted an 

experimental sweep of an HVT with and without catalyst [13]. The cold flow fraction of 0.37 with some 

experimental measurements slightly above that mark as seen in table 1. Figure 5 below shows there is 

relatively good agreement with low pressure ratio model predictions and experimental results. 

 

 

 

 

 

 

 



 

 

 

 

 

 

Figure 5. Temperature separation performance comparison of 1st order models, 2D axisymmetric CFD 

model, and experimental measurements with and without zoom perspectives. Where 1α represents the 

EHE model without p-o conversion, 1β - EHE model with maximum p-o conversion potential, 2 – 

Liew et al. [7] model, 3 – Ahlborn and Gordon [6] model, 4 - 2D CFD model (μ = 0.37 ± 0.035), 5 – 

HVT experimental test w/ smooth centrifuge, 6 – HVT experimental test w/ rifled centrifuge, 7 – HVT 

experimental test w/ rifled ruthenium centrifuge. PR is Pressure Ratio of the total stagnation pressure 

of the upstream reservoir to total stagnation of the cold end outlet.  
 

While all other geometrical ratios are held constant, the L/D ratio is another parameter which varies 

between models. The EHE is similar to historical values at 50 and the 2D axisymmetric CFD model is 

20. This suggests that the energy separation can occur despite a short turbulent wake fluctuation 

collapse.  

Another important comparison is the temperature separation at cryogenic temperatures compared to 

room temperatures. As seen in table 1 on the next page, this is linked to the reduced enthalpy available 

in cryogenic hydrogen. The first order and experimental results suggest a link between turbulent wake 

fluctuation and enthalpy of the system. The bulk majority of enthalpy streaming occurs within the first 

5 diameters whereas air requires 30 or more [16, 19].  

Historical experimental tests by A.F. Johnson and Elser and Hoch suggest the geometrical 

parameters of the tube are important. As noted above, the higher cold flow fraction suggests an 

improvement in performance. Though, there was a decrease in performance with high cold flow 

fraction with an air-tuned cold flow fraction of 0.61 [20]. Elser and Hoch, on the other hand, produced 

an approximately 20% greater performance with H2 than Argon, Air, CH4, and CO2, despite having a 

similar ratio of specific heats [21, 22]. 
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6.  Conclusions 

An Extended Heat Exchanger model has been adapted to account for non-ideal cryogenic hydrogen 

properties. The model shows that para-orthohydrogen conversion along the tube wall can increase vortex 

tube performance 10 % at a pressure ratio of 2 and inlet temperature of 77 K compared to traditional 

Ranque-Hilsch vortex tubes while suggesting a higher cold flow fraction has the potential to improve 

performance and efficiency. These model predictions were compared to Computational Fluid Dynamic 

simulations of a vortex tube operating with cryogenic hydrogen completed in ANSYS with REFPROP 

and experimental measurements. The extended heat exchanger model overpredicts the temperature 

separation, primarily the temperature rise, occurring at low pressure ratios. Further experimental 

measurements are planned to test the model accuracies at higher pressure ratios and colder temperatures. 
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