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Abstract

A Mach 4 parallel flow supersonic nozzle, intended for arc-plasma wind tunnel applications,
was designed for high-pressure and high-enthalpy working point conditions. The objective
was to ensure effective cooling and structural integrity under conditions of no shock wave
formation and parallel flow streamlines at the nozzle exit. The design was performed using a
simplified approach, enabling the rapid examination of feasible design parameters, which were
subsequently validated against Reynolds-Averaged Navier Stokes computational methods and
finite-element structural simulations. The simplified approach was subdivided into the
aerodynamic design, using the method of characteristics; aerodynamic-heating predictions,
using integral and reference temperature methods; nozzle cooling-jacket performance
predictions, based on semi-empirical correlations; and structural considerations, based on the
pressure-induced and thermally-induced stresses in a circular cylinder. The simplified
approach showed excellent agreement with computational methods and simulations. In
particular, local cooling water temperature differences in the high heat-flux throat region never
differed by more than 0.2°C. Moreover, small inner and outer nozzle wall temperature
overpredictions, that resulted from neglecting axial conduction, validated our conservative

design approach.



1. Introduction

In the field of aerothermodynamics, hot wind tunnels are an essential and efficient tool for the
design of hypersonic vehicles, where the Mach number is matched to the desired flight
conditions [1]. Arc plasma wind tunnels are particularly useful for studying the effects
associated with re-entry and high-velocity vehicles. These are related to the very high
aerodynamic heating encountered during hypersonic flight and the effectiveness of Thermal
Protection Systems (TPS) [2]. Arc plasma wind tunnels can also simulate target thermal
loading conditions without necessarily matching the Mach number. The aerothermodynamic
design of supersonic and hypersonic nozzles require special attention, both in terms of the

flow quality and in terms of effective cooling.

This paper presents a design methodology for supersonic nozzles used in arc plasma wind
tunnels. The methodology is general, but the specific example presented here relates to the
specifications of the high-enthalpy Technion Arc Plasma Tunnel (TAPT) [3]. The most
common approach to supersonic nozzle design is to use computation fluid dynamics (CFD)
which is time consuming. Additionally, effective cooling must be implemented in order to
dissipate the high thermal loads imposed on the nozzle wall. In recent years, efforts have been
made to account for chemical property variations and ro-vibrational relaxation states of
molecules, at high temperatures by combining CFD and the method of characteristics (MoC)
calculations [4] [5].

The objective of this work is to develop a rapid and simplified design methodology for arc
plasma supersonic nozzles and to validate it against computational tools. An example is
presented for the TAPT at design Mach numbers in the range of 3.5 to 3.9, which is suitable
for two significantly different enthalpy conditions, under the facility constraints. The design
must fulfil two main requirements. First, the aerodynamic design must ensure ideally
expanded parallel flow at the nozzle exit section for both cases. Second, the nozzle wall
temperature must be effectively cooled in order to remain below the maximum allowable wall
temperature. Furthermore, thermal gradients must be minimized to eliminate the possibility of

failure due to induced thermo-mechanical stresses.

2. Nozzle Parametric Design

The nozzle parametric design is based on the 5 MW TAPT operating conditions described in

[6]. The nozzle is intended to work at vacuum conditions in order to attain the target Mach



numbers. To this end, the facility is equipped with a vacuum chamber, evacuated via a two-
stage steam ejector, with a background pressure of 25 mbar at 250 g/s. Two different working
point conditions were selected, namely a 2 MJ/Kg “high-pressure” working point (case 1); and
a 7 MJ/Kg “high-temperature” working point (case 2). The details of each working point are
given in Table 1). Aerodynamic heating conditions were simulated according to the gas total
specific enthalpy and mass flowrate through the chocked nozzle, in conjunction with a semi-
empirical relation, based on dimensional analysis and gas dynamics theory, described in [7].
Both cases were constrained by throat and design nozzle exit diameters of 25 and 94 mm,
respectively. A design performance map was generated by assuming a calorically perfect gas

with heat capacity ratios y of 1.2 and 1.3, which are the typical values at these enthalpies, in

order to obtain a closed-form analytical solution. We will show below in section 4, that this

assumption is valid for preliminary estimates.

Table 1. Two operating point conditions calculated under the calorically perfect gas
assumption.

Case 1: high-pressure  Case 2: high-temperature

Air mass flow rate (g/s) 243 112
Specific total enthalpy (MJ/kg) 1.75 6.70
Total temperature (K) 1,800 4,000
Total pressure (bar) 5.33 3.90
Mach number at the nozzle exit 3.90 3.52
Nozzle exit static temperature (K) 478 1785
Approximate heat capacity ratio, y 1.3 1.2
Exit diameter (mm) 94

Throat diameter (mm) 25
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Figure 1. Nozzle performance map based on the TAPT operating conditions and the
two-stage ejector performance.

Figure 1 shows the performance map of the selected adapted nozzle, under the facility
constraints. The map is bounded on the top, right and bottom by the tunnel maximum electrical
power, maximum plenum pressure, and maximum mass flowrate, respectively. The three
gradients seen in the mass flow are due to different gas heat capacity ratios assumed for the
different enthalpies according to values of air in chemical equilibrium at constant pressure

versus temperature [8].

3. Aerodynamic Design

Having set the nozzle parameters, the method of characteristic (MoC) [9] was used to design
the contour for uniform and parallel flow without shocks for both cases. The input parameters
are Mach number (M), pressure (Pe) and temperature (Te) at the nozzle exit, the gas heat
capacity ratio (), and the throat diameter (D”), respectively. The outputs are the nozzle contour
and the flow properties at each cross-section, based on isentropic relations [9]. The geometry
was corrected using the standard flat plate displacement thickness relation, which is

conservative, due to the favorable pressure gradients [9]. Design contour estimations were



based on Case 1 conditions (highest pressure/low enthalpy), since it requires a longer nozzle
allowing the flow to expand and accelerate more gradually. This was considered to be valid
for lower pressure (higher enthalpy) case as well, because higher acceleration is less likely to
produce flow separation. The conservative boundary layer displacement thickness correction
produced small reductions in diameters, namely 1.5% and 3.5% for Cases 1 and 2,

respectively. The wall geometry was smoothed using the ratio of 5" and 4" order polynomials,

with a correlation coefficient R? =0.9999.

To verify the resulting nozzle contour, a RANS code [11] was employed with the k-w SST
turbulence model [12], assuming a constant specific heat ratio and isentropic flow (see Figure
2). The code employs a finite-volume method and has second-order accuracy in space and
time [13]. In addition, the solver is capable of simulating flows of thermally-perfect,
multicomponent gas mixtures in chemical equilibrium or non-equilibrium. The equations were
solve using an axi-symmetric coordinate system with 299 streamwise points and 150 radial
points. The grid density increased in the region of the nozzle and in the vicinity of the wall
such that the y* values of surface-neighboring cells were less than 0.5 for all simulations.
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Figure 2. Mach number distributions in the nozzle from CFD based conditions of
chemical equilibrium, for (a) the high-pressure working point; and (b) the high-

temperature working point. Note the different legend scales.



In the high-pressure case, the nozzle could have been designed with a slightly longer expansion
region (not shown), which is longer than the minimum length required for the high-
temperature case. The reason for the different lengths is the fact that the specific heat ratio was
assumed as constant while it, in fact, increases from a value of 1.3 to 1.4 as the temperature
drops with the flow expansion. Despite the non-optimal shape, the CFD results indicate that
the results are indeed sufficient as the flow properties are still uniform and parallel at the exit
(flow angle relative to the wall is within 1.4° variations in both cases). Using the boundary
layer relation for a turbulent flat plate, the boundary layer [10] correction gives the same order

of magnitude given by the CFD analysis.

4. Aerodynamic Heating

For high Mach number supersonic nozzles employed in conjunction with a high enthalpy wind
tunnels, accurate estimates of the heat transfer are critical. Four different methods were
evaluated, namely the Bartz method [18][19], two forms of the reference temperature method
[20][21], and the modified momentum energy integral method (MEI) [22][23]. The reference
temperature methods employ the classical Dittus and Boelter [23][20] correlation. The relative
strengths of these methods are evaluated by comparing them to the computational results. Only
forced-convection heat transfer from the high enthalpy flow to the wall was considered,
because radiation heat transfer from the hot air, which is a transparent gas with very low
emissivity, is negligible [14][16]. Fluid properties along the nozzle were calculated using the
isentropic relations, with a constant heat capacity ratio for each case, assuming chemical
equilibrium. The equilibrium thermal properties (Prandtl number, viscosity, specific heat, and
characteristic velocity) were obtained using NASA CEA (Chemical Equilibrium Applications)
program described in [17]. Additional computations were performed for the high-temperature
condition case, where both frozen chemistry and finite-rate chemical kinetics were modeled

using the 5-species, 11-reactions Dunn and Kang reaction set [24].

An in-house code was developed to calculate the nozzle heat transfer properties, based on the
NASA procedures and correlations for throat heat transfer in rocket nozzles [20][32][22]. The
program solves the two integral momentum and energy equations by an implicit finite
difference scheme while calculating the local shape factor, recovery factor, Stanton number,
and friction coefficient using well-known correlations. The wall, which is much colder than

the nozzle airflow, might cause the airflow concentrations to change adjacent to it. It is thus



reasonable to assume that no recombination occurs at airflow temperature lower than
approximately 2,500 K. Indeed, oxygen molecule dissociations begin around this temperature
under atmospheric pressure, and even at higher temperature for higher pressure. The heat
transfer coefficient expression for the surface heat flux was defined in terms of recovery

enthalpy.
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Figure 3. Temperature distributions in the nozzle from CFD based on chemical
equilibrium, for (a) the high-pressure working point; (b) the high-temperature working

point. Note the different legend scales.

The CFD code solves the entire flow field and accounts for energy losses to the cold wall,
unlike isentropic flow assumed in simplified calculations, and chemical reactions taking place
in the nozzle. The surface in the CFD analysis is modeled as a 300 K isothermally cold wall,
which is conservative for the expected heat flux. This model was adopted for comparison and
validation only, because in practice wall temperatures are much higher and vary along the
nozzle (see Figure 3). An adiabatic wall analysis was also performed for both cases in order

to determine the recovery temperature and compare it to the simplified calculated values.
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Figure 4. Wall heat flux comparisons between simplified analyses and computational
results based on chemical equilibrium, for (a) the high-pressure working point; (b) the

high-temperature working point.



Heat flux results for the simplified analyses are compared to the computational results in
Figure 4. At the entrance to the nozzle, no boundary layer boundary layer thickness boundary
condition was imposed and this resulted in unrealistically high local heat flux (cf. [19]).
Nevertheless, the heat flux peak is displaced slightly upstream of the throat due to viscous
effects. For both cases, Bartz’s method and the modified MEI method produce the greatest
accuracy at the throat in absolute terms. Both reference temperature methods underpredict
throat heat transfer for the high-pressure case and overpredict throat heat transfer for the high-
temperature case. The computed heat flux drops sharply downstream of the throat, which is
over-predicted using Bartz’s method and is also consistent with results shown in refs.
[19][24][27][25]. This finding is consistent with other investigations [22][19][20], that show
over-predictions of up to 50% downstream of the throat. The modified MEI method [20][22]
attains a far greater accuracy immediately downstream of the throat, but then underpredicts

the heat transfer for x > 25 mm. The reference temperature methods generally overpredict and

underpredict the downstream heat transfer for the high-pressure and high-temperature cases,

respectively.

Computations with frozen chemistry and finite-rate chemical kinetics are compared to that
with chemical equilibrium in Figure 5. The comparison show that the flow remains effectively
in equilibrium up to the throat and then transitions to a frozen state, as the Mach number
increases. Since the reactive flow is found to be mostly frozen, the absence of chemical
reactions causes the temperature to be lower. This results in lower heat loads on the nozzle
wall than in equilibrium flow. Finite-rate analysis shows close results with frozen conditions
toward exit plane of the nozzle since the diverging section is mostly frozen. The maximum
heat load on the other hand, as seen in Figure 5, was found to be much closer to that of the
equilibrium case since these conditions exist up to the throat. To ensure that finite-rate results
did not under-predict the physical phenomena due to catalytic surface effects of the wall,
another simulation was conducted where the wall was defined as super-catalytic. The near-
wall concentration change due to recombination, was determined according to the wall
temperature to produce conservative results. As can be seen in Figure 5 the results are indeed
higher, reaching the same peak value as in the equilibrium analysis and then decreasing as the

flow becomes frozen in the divergence section.

10
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Figure 5. Wall heat flux computations for the high-temperature working point based on

different gas reaction assumptions.

The equilibrium hypothesis, while potentially overestimating the chemical kinetics and the
heat load, was found to yield very good results, allowing a less resource-consuming analysis.
In the high-pressure case, negligible differences exist while in the high-temperature case the

differences are relatively small. Thus, these results validate the use of the conservative

equilibrium flow assumption for the nozzle design.

11



5. Structural Analysis

A major consideration in the selection of the wall material, is its ability to operate at elevated
temperatures with high strength and toughness. Copper was chosen as the nozzle material due
to its excellent thermal characteristics and its ability to withstand harsh thermal and
mechanical loads [28][29], as well as its compatibility with deionized cooling water. To
determine the wall thickness, stresses induced by the diameter change in the axial direction
are neglected. This corresponds to a two-dimensional axi-symmetric problem, equivalent to a
hollow cylinder while accounting for the changes in diameter, pressure, and heat flux [30].
Copper mechanical properties at 573K for hard and pure copper were used [28][29]. Finally,
nozzle structural analysis is performed to calculate the stresses induced by both internal and
external pressures together with the thermal-induced stresses. All stresses are then summed,
and the safety factor is calculated using four different well-known failure criteria for
comparison, namely: maximum normal stress, maximum shear stress, maximum strain and
octahedral shear stress criteria. The simplified design calculations are compared with a three-
dimensional coupled thermal-structural simulation conducted using the commercial software
Ansys©.

The analysis was performed relative to the throat section when the heat load is highest (see
Figure 6). The analysis assumes the conservative external and internal pressures of 30-bar and
1-bar respectively. Since both heat load and induced pressure conditions are conservative, a
relatively low safety factor for the thermal stresses can be used. We can see in Figure 7 that a
thicker wall reduces the pressure-induced stress while increasing the thermally-induced stress.
Summing the two, a stress optimum can be found, corresponding to a wall thickness of
approximately 1 mm. The safety factors calculated using the four different criteria yielded
virtually identical results (maximum normal criterion result is shown in Figure 7) allowing the
relatively large range of wall thicknesses. For purposes of manufacturing convenience, a3 mm
wall thickness was selected, corresponding to a total circumferential stress of 130 MPa as

indicated in Figure 6.

12
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Figure 6. The induced stresses for different wall thicknesses at the throat. Heat load = 8
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Figure 7. Factor of safety for different wall thicknesses at the throat, corresponding to

Figure 6. Heat load = 8 MW/m?, internal pressure = 1 bar, external pressure = 30 bar.

The nozzle temperature and its expansion were calculated yielding a maximum temperature
of 227°C at the throat section, and very small radial expansion and an expansion of 0.3 mm in
the axial direction (Figure 8). Moreover the resulting maximum stress is comparable to that of
the simplified analysis (130 MPa, indicated in Figure 6 versus 143 MPa shown in Figure 9a),

based on a safety factor of 1.4. The safety factor is in fact even higher, because a conservative

13



heat load was assumed. Finally, it is important to ensure that the nozzle can expand in the axial
direction, otherwise the stresses would dramatically grow above the failure point. This is
physically realistic because, on the TAPT, the plenum section connected to the nozzle entrance
is mounted on wheels and therefore it allows the nozzle to freely expand.
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Figure 8. Nozzle temperature and directional deformations based on a three-dimensional
coupled thermal-structural simulation conducted using Ansys©.
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Figure 9. The nozzle von-Mises equivalent stress variation in MPa, for (a) the internal

wall; and (b) the external wall.
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6. Cooling System

6.1 The Cooling Design Configuration

The high heat load on nozzle walls requires a robust cooling design in order to prevent damage
during a run at high enthalpy. The thermal model of the system can be described using the
Newtonian resistor model as depicted in Figure 10. To this end, the heat balance, when

simplified into a straight wall problem, can be written as:
14 k
q = ha(Tr _Tw,h) = E(Tw,h _Tw,c) = hc (Tw,c _Tc)

nozzle gas flow cooing water
\
| NI
"

q

‘| Tw,h
I

Figure 10. Newtonian thermal resistor model schematic.

Since the major cooling difficulty is located at the upstream nozzle contraction area and
particularly at the throat, the cooling design concept was arranged so that the water would
enter the cooling jacket at the contraction side section. The relatively low water temperature
produces a greater heat transfer rate in the contraction region with an increased convection
coefficient at the throat due to higher local velocities. The water temperature increases as it

progresses along the annular extent of the outside nozzle wall.

15
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shell

Figure 11. Exploded view of the conceptual nozzle cooling assembly.

The mechanical design concept comprises three main components shown in Figure 11,
namely: the convergent-divergent nozzle, the cooling sleeve, and two half-shells. This
configuration ensures conventional manufacturing processes. The copper nozzle and the
sleeve are manufactured from copper using a conventional CNC manufacture process, while
the two sleeves are made from any low weight material suitable for high-temperature, such as
Vespel, which is either machined or printed. The shells are placed over the nozzle body and

the sleeve locks the assembly. Seals are placed at the nozzle inlet and sleeve surfaces.

In the application, cooling is realized using deionized water to cool of the arc plasma tunnel,
supplied by a 400HP centrifugal water pump from a 40m? reservoir available at the TAPT. It
is supplied by a constant pressure of 35 bar, with a water mass flow of up to 125 kg/sec while
40 kg/sec is typically sufficient for the tunnel cooling sections. A 5-bar pressure drop results
from losses between the inlet and outlet manifolds. The hydraulic resistance is given by the
nozzle cooling sleeve and by the inlet and outlet tubes attached to the manifold. The existing
tubes which are in current use in the facility are plastic tubes with a diameter of 10 mm and a

length of up to 1.5 m.

6.2 Heat Transfer and Hydraulic-Loss Calculations

The heat transfer coefficients and the wall temperature were calculated along the entire nozzle
neglecting the heat spreading of the cooper (conservative) using an in-house code. It solves
the coupled aerodynamic and concentric annulus cooling flow while taking into account the

number of machined tunnels along the nozzle wall in different dimensions and corner angles.

16



After the parametric study, a more detailed finite elements 2D axisymmetric model is used to

calculate the wall temperature by introducing the spreading effects.

The convection coefficients as a function of Nusselt number, based on the turbulent Dittus-
Boelter equation, produces low estimates. Hence, four additional concentric annulus flow
correlations were evaluated, namely the McAdams correlation (corrected Dittus-Boelter
correlation); the Foust-Christian correlation; Davis’s correlation; and the Petukhov-Roizen
correlation. Modifications to the Nusselt number due to the surface roughness and wall
curvature were considered, but ultimately not included due to their negligibly small effect. The
hydrodynamic entry length, having the improved cooling effect, can be calculated by an
empirical correlation taken from Yunus and Cimbala [31]. Nevertheless, the flowfield was
considered to be fully developed, which is a conservative approximation, since the cooling

effects increase in the developing region.

The cooling water enters at ambient and temperature increases along the nozzle, while being
continually heated by the nozzle wall. The heat flux depends on the wall temperature which is
a function of both the external cooling and the internal aerodynamic heating. Therefore, an
iterative convergence procedure was required to obtain the wall and the cooling water

temperatures under steady-state conditions.

The cooling water total pressure drop was comprised of friction losses, expansion losses and
contraction losses. The friction factor (f) was calculated using the Moody diagram [33] and its
equivalent Colebrook equation for turbulent flow at every location along the flow. Due to
uncertainties in roughness height, experimental error, curve fitting of data, etc., the Colebrook
equation is generally considered to have an accuracy of 15% over its entire range.
Nevertheless, an approximate explicit relation for f proposed in [32] produced differences as
small as 2% when compared to results of the Colebrook equation. The surface roughness (&)
was taken as 0.0015 mm, which the recommended value of copper and plastic for the nozzle
cooling sleeve and the two connecting tubes [32]. The expansion and contraction coefficients

k, and k. were obtained from the empirical Borda-Carnot equation presented in [33].

Friction, expansion and contraction losses were summed and employed in the standards

modified mechanical energy (Bernoulli) equation.
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7. Results and Computational Validation

In this section, the final configuration based on the simplified design procedure, is compared
with computational results. The configuration has a cooling jacket with a 2 mm wide annular
cooling channel, with a variable relative surface roughness of ¢/D, =0.0015/D, and a
minimum mass flowrate of 2.5 kg/s at 30°C. The results presented here are for the most
extreme working point, namely the high-temperature case, and is based on the conservative
MEI predictions previously presented (see Figure 4). The pressure drop calculation is based

on a 30-bar system supply pressure, via 1.5m long piping with an internal diameter of 10 mm.

water inlet

cooling channel
water outlet

cooling sleeve
nozzle
shell

Figure 12. Simplified three-dimensional CAD model is used for the nozzle cooling

simulation.

For the comparison, water cooling simulations were conducted using the commercially
available Siemens NX Advanced Finite Element Simulation software©. The boundary
conditions for the thermo-mechanical simulation were identical to those used in the design
calculations. The simplified 3-D CAD model employed for the simulations has one water inlet
and one water outlet as shown in Figure 12. The nozzle components, as well as the water, were
meshed with 3D tetrahedral elements and an unstructured tetrahedral mesh was used in
conjunction with wall functions. Two different turbulence models were used in order to verify
the results, namely a k- model and the mixing-length model. For the k-€ model, wall functions

were employed in order to avoid the additional computational cost associated with resolving
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the viscous sublayer. For the mixing length model, the viscous sublayer was resolved using
the van Driest near-wall modification and the outer (wake) region was independent of the wall
coordinate. Despite the significant model differences, the water and wall temperature results
never differed by more than 3%.
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Figure 13. Comparison of the cooling water temperature variation predicted by the

simplified model and simulation.

Cooling water and wall temperature comparisons are shown in Figure 13 and Figure 14,
respectively. Immediately downstream of the water inlet, the cooling water increases sharply
towards the nozzle throat due to the large heat flux in this region (Figure 13). This is shown
by both the simulations and the simplified calculation, where the local temperatures never
differ by more than 0.2°C. This close agreement is a particularly encouraging, because the
heat flux (Figure 4b) and stresses (Figure 9) are highest at the throat. Downstream of the throat,
the rate at which the temperature increases (or slope), reduces significantly with comparable
results for both cases. Nevertheless, the simplified calculation underpredicts that of the
simulation by as much as 0.5°C. The differences may be due to the large increases in the
annual area, which by continuity can be shown to result in an adverse pressure gradient. This
is not accounted for in the simplified model. In fact, the pressure drop across the nozzle is 10%

smaller for the simplified calculation.
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The inner and outer nozzle wall temperatures predicted by the simulations and simplified
model (Figure 14), also show excellent agreement. The small model over-predictions upstream
of the nozzle may be due to the localized cooling water inlet to the annular channel in the
simulations versus the annular assumptions associated with the simplified model. However,
the simulation peaks are lower and flatter, downstream of they exceed the model values. The
reason for this is that the heat transfer conducts axially as well as well as radially in
simulations, whereas the model does not account for this. Thus, the wall acts as a heat spreader
which reduces the peak temperature predicted by the model, thereby resulting in a more
uniform wall temperature. We therefore concluded that the local peak overprediction by the

model is conservative and can be used with confidence for design calculations.

250
----- outer wall: simplified calculation
outer wall: CFD — k-& model
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Figure 14. Comparison of the inner and out wall temperature variations predicted by
the simplified model and simulation.
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8. Conclusions & Future Research

A contoured Mach 4 supersonic nozzle for the Technion Arc Plasma Tunnel facility was
designed based on a general methodology, that was established for future nozzle designs. The
final nozzle configuration was 300 mm in length, with a 25 mm throat diameter and a 94 mm
exit diameter. The nozzle was designed to withstand both high-pressure (5.33 bar, 1800°C)
and high-temperature (3.90 bar, 4000°C) conditions, without exit shocks, and with parallel,
uniform flow properties. A simplified design methodology was developed that included
several in-house computer codes, in order to obtain rapid and accurate parameters with a
choice of different methods. The aerodynamic design employed simplified calculations based
on the method of characteristics and isentropic relations. The results were validated by CFD
and indicated that the flow is in equilibrium upstream of the throat and becomes frozen as the
Mach number increases. The best simplified methods used for predicting heat fluxes were the
MEI and Bartz methods, with 12% and 9% errors, respectively, compared to CFD. Regarding
nozzle cooling design, the Dittus-Boelter correlation was used as the most conservative and
yielded results that were comparable to CFD.

An optimum wall thickness of 1 mm was estimated by analytical calculations, buta 3 mm wall
thickness was selected due to manufacturing costs and found to be adequate mechanically.
The simplified calculation showed a very good agreement with the results obtained by a finite
element thermo-mechanical simulation. The simplified relations established between the
different parameters facilitated rapid scaling approximations. Future research will be aimed at
manufacturing the nozzle and validating its design by experiments. Several diagnostics may
be implemented at the nozzle exit such as Schlieren visualization to validate the uniformity
and deviations from parallel flow streamlines. Water temperature measurements at the inlet
and outlet of the nozzle will be measured using axially and circumferentially-mounted

temperature transducers to fully validate the fidelity of the simplified procedure.
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