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Abstract. This paper deals with a CFD-based methodology for the design optimization of a 

liquid regenerative rocket engine firing plate cooling system. Specifically, this methodology 

has been employed to optimize the firing plate of the regenerative demonstrator LOX/LCH4 

developed in the framework of the HYPROB-BREAD project. The overall cooling system of 

this thruster uses liquid methane in supercritical state, therefore appropriate methodologies 

have to be adopted in order to properly model super/trans-critical fluid behaviour. For this 

thermo-dynamic state, the properties provided by ideal gas modelling is very far from the 

actual values, thus making the application of property laws by NIST (National Institute of 

Standards and Technology) advisable. In FLUENT®, this implementation is possible and the 

software provides a NIST model for accurate properties evaluation for methane fluid, but this 

is very computationally expensive. This model consists in polynomial interpolation for 

properties based on experimental data collected by NIST  and it admits a singularity in the 

critical point, as predicted by theory. The critical point transition is problematic since slight 

temperature and pressure variation results in a higher properties variation (e.g. passing from 

gas to liquid and vice-versa) but this transition is not so drastic as to allow us to consider that 

an on-off behaviour, this due to the super-critical condition. 

The objective of optimization loop is to perform quick analyses to easily evaluate different 

design solutions in order to be useful in system engineering fashion approach. For this reason, 

a simplification of NIST interpolation method has been implemented in order to reduce 

computational costs of CFD execution and therefore convergence time. 

Final results will be presented to justify the adoption of a CFD simplified approach. 

 

1 INTRODUCTION 

The HYPROB program is carried out by CIRA under contract with the Italian Ministry of 

Research with the main objective to improve National system and technology capabilities on 

mailto:p.natale@cira.it
mailto:d.ricci@cira.it
mailto:m.fragiacomo@cira.it
mailto:f.battista@cira.it


P. Natale, D. Ricci, M. Fragiacomo and F. Battista 

 2 

liquid rocket engines (LRE) for future space applications, with specific regard to LOx/LCH4 

(liquid oxygen/liquid methane) technology. Among its objectives, the design and 

development of a technology LRE demonstrator, including intermediate breadboards designed 

to investigate critical design aspects, represent one of its most important parts [1]. 

In this framework, different subsystems have been designed and verified in order to 

produce and test a technological demonstrator, which is the final goal of the entire 

programme. This consists in a fully regenerative rocket engine where fuel (methane) is used 

to cool the combustion chamber (by a counter-flow cooling jacket subsystem [2]) and then to 

feed injectors. Since very high heat fluxes are associated with combustion (tens of MW/m
2
), 

the injector-plate has to manage high heat fluxes and a cooling channel has been designed in 

the back-side of the plate itself. Obviously, the coolant is represented by the methane coming 

from the cooling jacket [3]. 

The objective of this study is to simplify the CFD approach in order to reduce 

computational costs and to be able to use it as a quick-analysis tool. 

This paper will report a brief description of the system (more properly, plate cooling 

system) under investigation; mesh details and numerical assumptions will also be reported; a 

brief description of super-critical fluid issues and of the inherited simplification applied will 

be detailed; how implementation has been carried out in solver will be discussed; study-case 

setup and boundary definitions will be presented for a better interpretation of the  results; 

finally, results and conclusions will be reported. 

2 HYPROB DEMO DESCRIPTION 

In Figure 1, the full assembly and its section plane for demonstrator test article is reported. 

As abovementioned, the fuel (liquid methane, LCH4) is injected from the feeding system 

directly in the manifold (in yellow, at the bottom in the figure) that distributes it in the cooling 

channels surrounding the combustion chamber (in green). During this pass-through, the fuel 

transits from liquid to supercritical gaseous state. After this flow step, it is finally injected in 

the CH4 dome. The assembly of oxidant end reductant domes, injector plate, back-body (plate 

distributor) and inherited components is named injector head. 

3 FIRING PLATE COOLING SYSTEM 

The abovementioned cooling system is constituted by a channel obtained between the back 

side of firing plate and another component, the plate distributor, that collects injectors 

together and closes the methane region just upstream the injectors themselves, acting as a 

stillness camera (before injection). 

In Figure 2, the assembly of the injector head is depicted. The path-flow of coolant (gaseous 

methane in supercritical thermodynamic state) goes from the reductant dome, through the 

backside of the firing plate and distributor plate, towards the symmetry-axis and then into the 

stillness camera. 

3.1 Numerical Domain Volume Definition 

To simplify the calculations, the simplest volume has been considered. As shown in Figure 

3, an extrapolation of the actual dome/plate design has been adopted, with the narrowest slice 

possible (thirty degrees wide) taking advantage of the symmetry planes. This assumption will 
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cause some unwanted effects on the solution, but it can be demonstrated that these are 

conservative with respect to the design solution drawbacks (pressure drop, methane 

temperature increment, solid part maximum temperature – melting issue, unbalancing on 

mass-flow rate in the injectors, etc…).  

 

 
Figure 1: Demonstrator full assembly 

 
Figure 2: Scheme of injector head cooling system 

By this, it can be assumed that a margin has been taken into consideration. In fact, because 

of zero-flux condition in numerical code on the symmetry plane, the convective cells are 

forced to be closed in the numeric domain volume itself, that is the narrowest possible; thus 

the fluid cannot relax in a lowest energy state, e.g. widening the cells themselves and 

diffusing thermodynamic properties. As a result, mass-flow rate unbalancing, velocities (and 

therefore pressure drop) and inherited temperature are certainly over-estimated. 

3.2 Mesh definition 

Figure 4 offers an overview of the mesh-grid adopted for these calculations. Some 

considerations: 

CH
4
 inlet CH

4
 inlet 

Firing Plate 

Plate distributor 
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- The mesh-grid is constituted by two numerical domain volumes, one for fluid 

methane (green-coloured in the figure), and the other one for the solid part that 

simulates the firing plate material (red-coloured) 

- The fluid mesh is constituted by 4,119,591 elements
1
 

- The solid mesh is constituted by 556,050 nodes
2
 

- Both meshes are unstructured 

 

In Figure 4, some parts defining numerical domain volume are represented. In particular, 

fluid inlets and outlets and the channel whereby the fluid flows are shown. Downstream the 

channel outlet and just before the fluid outlets, there is a region that acts as a stillness camera. 

In this volume (or dome) the fluid is not affected by high variation in thermo-dynamical 

properties (with respect to the channel region), thus the mesh-grid is coarser. Since a very 

large number of elements for both numeric-domains is considered, the adoption of a 

simplified method to interpolate NIST properties is encouraged.  

FLUENT Ansys v13 was selected as the solver code [4]. 

 

 
Figure 3: Numerical Domain Volume:  

on the left, the whole volume; on the right, the reduced volume considered for CFD 

4 NUMERICAL ASSUMPTIONS AND SIMPLIFICATION 

As abovementioned, some numerical tricks have been adopted to simplify computational 

costs. In particular, a simplified interpolation for thermo-dynamic properties of methane fluid 

has been assigned to the solver. 

                                                 
1
 To ensure a correct usage of κ/ω method for turbulence modelling, a 10

-7
 m value has been adopted as the 

initial height for cells joining boundary walls.  
2
 To ensure a correct energy-equation balance at the boundary (that is the coupling interface between solid and 

fluid parts), continuity in cell normal-to-wall dimension has been considered.  
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4.1 Super-critical fluid issue 

The HYPROB programme implied the design and development of a LOx/LCH4 Rocket 

Engine demonstrator. Liquid methane (LCH4) has been chosen as a coolant, both for 

combustion-chamber and firing-plate cooling. Since the fuel has to feed both cooling sub-

systems, low temperature and high pressure are required as an initial thermo-dynamic status: 

about 110K and 160bar. In these conditions, methane exhibits its liquid phase: through the 

combustion chamber cooling, it transits to a gas status: at the outlet of combustion-chamber 

cooling system (or else, the cooling-jacket), the thermo-dynamic status for fluid is almost 

450K in temperature and 90bar in pressure. In this last condition, methane exhibits super-

critical behaviour3. In this condition, fluid properties, changing from liquid to gas, vary 

smoothly and not sharply (as they do at a lower pressure, under the critical point – see Figure 

5). Given these premises, an ideal-gas model is not suitable for a correct prediction in CFD 

calculations, because gaseous methane could behave strictly like a low-density liquid or a 

high-density gas. The use of NIST correlations is therefore suggested (or better, needed for 

design purposes).  

The implementation of NIST in the solver
4
 is very computationally expensive, since high-

order polynomial function is involved in the correlations, thus a simplified method has to be 

undertaken for design purposes (where quick analysis is needed). 

 

 
Figure 4: Overall mesh-grid representation and detail on channel outlet 

                                                 
3
 Methane critical point is: 190.6K at 46bar 

4
 In this work, FLUENT® has been adopted as CFD solver. It provides a built-in model for NIST correlation. 
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4.2 Simplified NIST correlation 

In Figure 5, the main properties for methane are contour-plotted (as obtained by NIST 

correlations
5
). The red-coloured rectangle represents the ranges foreseen for this calculation 

(except for cP plot). These ranges are obtained from the engineering tool developed in-house, 

that uses standard correlations provided by the literature for a cooling system. 

As can be seen in Figure 5, in the red-marked regions, thermo-dynamic properties do not 

change significantly by pressure and temperature (with respect to full ranges). In some cases 

(k and μ), this dependence is slightly linear in pressure and temperature, while for others (cP 

and ρ) a quadratic dependence by temperature and linear by pressure persists. 

The following expression has been used in order to obtain the simplified correlation: 

 

α = α (p, T)= c0 + c1·p + c2·T + c3·p·T + c4·T
2
 (1) 

 

Where α is a generic property. In order to properly define a fluid user model, the following 

properties need to be determined in FLUENT®: specific heat coefficient (cP), density (ρ), 

thermal conductivity (k), viscosity (μ) and speed of sound (a). 

 

  

  
Figure 5: NIST properties with pressure and temperature ranges used for CFD analysis 

                                                 
5
 These properties distribution, as a function of pressure and temperature, are obtained using REFPROP 

integration in MATLAB®, provided by NIST. 
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Actual NIST values have been fit using Surface Fitting Toolbox® (provided by 

MATLAB®) to obtain simplified correlations [5]. The Table 1 provides coefficients for the 

equation (1) for each required property. Temperature has to be expressed in K and pressure in 

bar (1e5 Pa). Thermal conductivity, viscosity and speed of sound have a linear interpolation 

as a function of pressure and temperature, thus c3 and c4 coefficients are not applicable. 

 

Table 1: Coefficients for simplified properties correlations (CH4 model) 

props units c0 c1 c2 c3 c4 R
2 

ρ kg/m
3 

+4.422e+1 +8.349e-1 -1.790e-1 -8.910e-4 +1.788e-4 >0.998 

cP kJ/kg·K +1.789e+0 +5.807e-3 +7.488e-4 -8.332e-6 +2.916e-6 >0.999 

k W/m·K -2.456e-2 +4.714e-5 +1.865e-4 - - >0.998 

μ Pa·s +5.389e-6 +1.265e-8 +2.275e-8 - - >0.998 

a m/s +2.953e+2 +2.440e-1 +5.210e-1 - - >0.997 

 

In Table 1, R
2
 is the square of the correlation between the response values and the predicted 

response values. It is important to remark that the previous correlations, obtained as fitting of 

NIST correlations, are valid in the specific ranges abovementioned, that is: 

 

20 < p < 150 [bar] (2) 

400 < T < 620 [K] (3) 

 

Figure 6 shows a comparison, based on the specific heat coefficient, between the 

abovementioned simplified approach, the model provided by FLUENT® (for gaseous 

methane) and the full NIST correlation. 

 

 
Figure 6: Comparison between different models for CH4 specific heat coefficient 

(NISTinterp is the approximated model) 

It can be seen that prediction for cP, using NISTinterp are closer to actual NIST value, rather 

than FLUENT simple CH4 model. 
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Table 2: Running time comparison for different CH4 model 

CH4 model 1
st
 run 2

nd
 run 3

rd
 run 

NIST 1.23e-2
 

1.27e-2 1.25e-2 

FLUENT 4.55e-4 3.45e-4 4.24e-4 

NISTinterp 3.42e-4 3.55e-4 3.67e-4 

 

In Table 2, the execution times obtained by means of different models are reported
6
. For 

NIST correlation, it is longer than for the other ones, while NISTinterp (reduced correlation 

abovementioned) exhibits the shortest time possible. This is due to the simpler formulation 

provided for this model: in fact FLUENT-model is a higher order polynomial function (only 

function of temperature). FLUENT-model covers a wider range for temperature, but it is only 

advisable at ambient pressure (see Figure 6 to appreciate the differences between NIST-model 

and FLUENT one at 70bar pressure). 

4.3 FLUENT® implementation for simplified NIST 

Since FLUENT® provides only a simple polynomial correlation based on only one status-

variable (temperature or pressure) for user-defining fluid properties, and in order to 

implement the previous CH4 model, the use of UDF (User Defined Function) has been 

necessary. 

DEFINE_PROPERTY function has been used to define properties for the fluid. In this 

way, it is possible to define a function both in temperature and pressure to evaluate the 

property. 

It is important to remark that FLUENT® uses relative pressure for calculations, while the 

previously presented correlations are assigned assuming absolute pressure; thus in this 

routine-script, a conversion and a unit conversion have been necessary (correlation are also 

written in bar, while FLUENT® uses Pa as pressure-unit). 

These UDFs-forms can be used for density, thermal conductivity, viscosity and speed of 

sound
7
, but not for specific heat coefficient. There are some difficulties concerning the 

implementation of a pressure/temperature-dependent specific heat law, and only a 

temperature-dependent law can be assigned. This implementation has been carried out using 

the built-in polynomial interpolating function. 

Since the abovementioned correlation provided for specific heat coefficient depends both 

on pressure and on temperature, a simplification has to be adopted to reduce dependence to 

temperature alone. In particular, mean pressure (in range considered) has been considered. 

From equation (1), the following simplified equation may be derived: 

 

cP(T) = cP(T, π) = c0 + c1·π + c2·T + c3·π T + c4·T
2
= k0 + k1 T + k3·T

2
 (4) 

                                                 
6
 These simulations have been executed by FLUENT®; mesh-grid is a structure circular tube; as boundary 

condition, a weak heat flux has been imposed; temperature and pressure are included in the abovementioned 

ranges. Each run represents a different execution carried out using the same boundary conditions and overall 

setup. 
7
 Required to close the thermo-dynamic model of the fluid. 
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k1 = c0 + c1·π = 2.2826e+00 (4.1) 

k2 = c2·+ c3·π = 4.0580e-05 (4.2) 

k3 = c4 = 2.9160e-06 (4.3) 

 

Where π is a constant value determined as a mean pressure over the range considered
8
. 

Figure 7 shows the cP distribution (provided by NIST correlations): in the left plot, solid lines 

are used to represent pressure extremes and mean value (for each temperature step); a dashed 

line plots NISTinterp distribution, calculated by the simplified equation (4).  

 

  
Figure 7: On the left, cP values as determined by NIST correlations and NISTinterp are considered; 

on the right, relative error due to this simplification is shown 

5 FLUENT® CASE SETUP 

5.1 Preliminary Design 

The actual design of the injector head for DEMO foresees an active cooling of the firing 

plate. Cooling is provided by the methane forced to flow into a cooling-gap consisting of two 

parts: 

- the firing plate; 

- the plate distributor. 

 

In Figure 2, the methane flow path and the firing plate are depicted. 

With this layout, the cooling efficiency is dependent on the distance between the two 

plates. The preliminary design for the cooling system has been carried out by means of an 

engineering tool, developed and provided by CIRA. This tool executes the following 

operations: 

• heat flux is imposed as input for the tool 

• maximum allowable temperature is defined by the firing plate material properties 

• convective heat transfer coefficient is calculated (and function of radius) to 

                                                 
8
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accomplish heat absorption 

• the distribution of cooling gap heights (between firing plate and plate distributor, see 

Figure 2) is determined as an output by the tool 

In addition to the heat flux imposed, other constraints have to be considered: 80 bar 

pressure and 450K temperature as a condition at inlet (see Figure 2 CH4 inlet). 

In Figure 8, the selection of heat flux has been represented: the abscissa chosen (as reported 

on the left) is obtained as the most conservative possible from CFD results. On the right, the 

effective distribution is reported. In Figure 9, some results obtained by the engineering tool are 

reported. In d) section, the numerical domain of this tool is visible: at the bottom, the firing 

plate is visible as the hottest part; at the top, the plate distributor is represented as the coldest 

part. 

 
Figure 8: Input heat flux chosen for preliminary cooling plate design 

 

 
a) height (m) vs. radius (m) 

 
b) pressure drop (Pa) vs. radius (m) 

 
c) coolant temperature (K) vs. radius (m) 

 
d) ideal T in a generic section 

Figure 9: Engineering Tool outputs 
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A distribution law for the gap heights has been obtained using these results as a starting 

point (Figure 10). The rearranged heights distribution takes into account: height discretization 

limits depending on manufacturing method; the need for a reference plane for manufacturing 

(an axis-perpendicular plane); inaccuracy in heat flux application; some further margins. 

 

 
Figure 10: Rearranged heights on the basis of engineering tool outputs 

5.2 Boundary conditions 

The starting point for designing the cooling system is the definition of heat flux on the hot 

side of the firing plate to be drained. An over-estimated heat flux has been taken into account 

with the following characteristics: the distribution law is only radius-dependent; it has been 

derived by combustion chamber CFD analysis; the maximum value for heat flux has been 

tuned to match the overall area-weighted-average provided by the industrial partner 

experience (~9 MW/m2) (see Figure 11). In order to apply a variable heat flux, a UDF has 

been defined. By this approach, a radius-variable heat-flux has been imposed as a boundary 

condition
9
. A coupled solid/fluid simulation has also been carried out. In particular, the 

preliminary design (very close to the final one) of the firing plate solid piece has been meshed 

together with the fluid part. The actual properties for the material have been implemented, as 

obtained by characterization tests conducted on material (a copper alloy) samples. In the 

following Figure 12, the properties law have been reported for this material in face of 

experimental data. The coupled solid/fluid simulation choice is justified since heat flux, when 

absorbed by hot side of firing plate, is diffused on the cold side (opposite face) of the same 

one. In this way, heat flux peaks were smoothed and distributed on wider areas, given the high 

thermal conductivity of the material. This assumption is more close to physical facts and 

allows the numerical code to converge (avoiding high gradient flux in thermodynamics 

properties of the fluid). The implementation of variable properties for solid material has been 

carried out using FLUENT® built-in function in material editor
10

. 

A zero-flux (adiabatic) boundary condition has been considered on the outer side of the 

firing plate: on this side, a brazing with a low thermal conductivity will be performed. On the 

inner side, an adiabatic condition has also been considered: this side is constituted by the 

external wall of the igniter. These latter boundary conditions imposed are conservative. 

                                                 
9
 The heat flux applied on mesh-grid, as interpreted by the solver, can be seen at the bottom of Figure 11. 

10
 The coefficient for the actual correlation of material properties is not reported for intellectual property rights. 
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Figure 11: Heat flux (W/m2) vs. radius (m) imposed on firing plate 

Constant temperature (450K) walls have been taken into consideration as external injectors 

wall: in fact, methane at almost 450K flows in the outer side of the injectors, or rather the 

other side of these walls. In this way, the simulation takes into account the cooling effect 

provided by the cold wall (as will be shown, this effect is very negligible in the fluid, but it is 

relevant on the solid). The top wall, facing the LOx dome, is considered to be a constant 

temperature (120K) wall (that is the LOx average temperature). All the other walls have been 

imposed as adiabatic (zero-flux) so that conditions are as conservative as possible. These 

boundary conditions introduce a further margin in the simulation results. 
 

 
Figure 12: Specific heat and thermal conductivity for the copper alloy considered; 

experimental data (star-dots) and  interpolated function (solid-lines) 

6 RESULTS 

In Figure 13, a visualization of the fluid-dynamic field is represented. The stream-traces are 
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coloured by pressure value. Pressure drop is clearly appreciable due to the cooling-plate 

channel pass-through. In the stillness camera (also named CH4 dome and situated just 

upstream the injectors inlet), the pressure is quite constant, as it was foreseen. 

In Figure 14, a temperature-contour plot is shown for both sides of the firing plate: hot-side 

refers to the wall facing the combustion chamber, wherein the boundary condition has been 

imposed (using heat flux); cold-side refers to the wall facing the coolant (CH4 fluid). In these 

plots, hot-spots reached by the solid material on each side are visible. The driving-value of the 

design is represented by the hot-spot on the hot-side. The objective of the design-loop is to 

control pressure-drop affecting coolant and maximum temperature reached by the solid part 

(firing-plate).  

In order to minimize pressure-drop and hot-spots, some geometrical factors have been 

parameterized. In Figure 15, a sketch-view for this study-case is reported. In this figure, some 

geometrical definitions have been reported, to be used as parameters for the optimization. 

Using the height values for gap (properly, the cooling channel) as a starting point, gap heights 

(section  and  in Figure 15) and channel outlet section have been varied (section ). 

 

 
Figure 13: Stream-traces in computational-domain coloured by pressure value 

 
Figure 14: Firing-plate (solid part) – temperature contour for hot side and cold side 
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In Table 3, some CFD results are reported for the simulations conducted. Each simulation 

constitutes a single iteration into the design-loop optimization. In this test-matrix, t stands for 

temperature (in K unit), u for velocity magnitude (in m/s), p for pressure (in Pa)
11

, ρ for 

density (in kg/m
3
); out or outlet stands for the output of fluid domain volume (that is OUTLET 

(inj) in Figure 15). 

 

 
Figure 15: Geometrical parameters definition 

Table 3: Design optimization CFD test-matrix 

 

In Table 4,  the overall properties for CH4 fluid (coolant) are reported. These properties are 

                                                 
11

 Note that outlet pressure is imposed as a boundary condition and different values have been considered in 

order to fulfil the requirements evolving during the design-loop of the whole project. 

Case tmax_hot tmax_cold toutlet uin uout pin pout in out

RUN0.0 884.2 659.1 460.2 131.6 92.6 8.10E+06 6.00E+06 34.57 34.57

RUN0.1 883.6 658.4 460.2 131.6 92.3 6.10E+06 4.00E+06 34.57 34.57

RUN0.3 885.0 658.6 460.2 123.3 121.7 8.82E+06 6.25E+06 36.92 26.26

RUN0.4 913.0 672.8 460.2 123.4 118.7 8.81E+06 6.25E+06 36.88 26.26

RUN0.5 877.3 651.1 460.2 123.1 121.4 8.83E+06 6.25E+06 36.96 26.26

RUN0.6 879.8 652.2 460.2 123.0 118.8 8.83E+06 6.25E+06 36.98 26.26

RUN0.7 843.1 619.7 460.2 122.9 118.7 8.84E+06 6.25E+06 37.01 26.26

RUN0.8 582.4 506.5 425.7 124.2 107.1 8.75E+06 6.25E+06 36.62 28.93

RUN0.9 653.2 536.3 453.8 123.4 116.4 8.80E+06 6.25E+06 36.87 26.72

RUN1.0 652.9 544.3 454.3 123.4 118.9 8.81E+06 6.25E+06 36.89 26.68

RUN1.1 652.8 544.0 454.3 123.3 119.3 8.81E+06 6.25E+06 36.90 26.68

RUN1.2 645.9 541.6 454.0 123.4 118.7 8.81E+06 6.25E+06 36.88 26.70

RUN_175_0.6 639.1 544.2 454.2 131.6 118.2 7.98E+06 6.25E+06 34.53 26.71

RUN_38_30_175.3 649.0 541.3 454.3 128.3 108.8 8.25E+06 6.80E+06 35.69 29.08

RUN_38_30_175.4 648.9 541.1 454.3 128.3 108.8 8.25E+06 6.80E+06 35.69 29.08

RUN_40_32_175.3 647.5 543.2 454.2 129.9 108.2 8.15E+06 6.80E+06 35.26 29.09

RUN_40_32_305.4 650.5 540.5 454.2 133.9 108.8 7.91E+06 6.80E+06 34.20 29.09

RUN_40_32_305_hd.3 650.6 540.1 454.2 132.7 108.8 7.92E+06 6.80E+06 34.23 29.08

RUN_40_32_305_hd.4 650.6 540.0 454.2 132.7 108.8 7.92E+06 6.80E+06 34.23 29.08

RUN_40_32_305.4.hc 653.9 541.3 448.6 134.1 106.9 7.90E+06 6.80E+06 34.15 29.54
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evaluated on the whole domain volume. Skipping the first three rows (for lack of data), it is 

then possible to notice that the conditions derived from the equation (2) and (3) follow, thus 

allowing the application of the simplified approach introduced for NIST correlation.  

In the table, t stands for temperature (max and min indicates the maximum and minimum 

values calculated in the whole volume) and is expressed in K; cp stands for specific heat 

coefficient (in J/kg·K); p stands for pressure (in Pa). In the same table, y
+
 is also reported to 

validate the use of κ/ϵ as a turbulence model: as suggested in FLUENT® user manual, a value 

lower than 330 is advisable and, with the exception of the first two tries, this condition were 

respected. 

Table 4: Overall properties in the fluid domain volume 

 
 

In Figure 16, some overall parameters are gathered together to show how it could be 

possible to lead the solution in order to fulfil the requirements foreseen by the system 

project
12

. Pressure drop (expressed in bar) is reported on the green line, whereas histograms 

report the maximum value for temperature on both sides of the firing-plate (red for hot-side 

and blue for cold-side). As shown, moving across different geometric solutions, pressure drop 

tended to reduce and, contextually, temperature increments were also controlled. 

The use of CFD analysis is encouraged, given the complexity of the flow-field involved in 

this test-case. The case cannot be simplified nor carried out by means of engineering tools 

(based on correlations from the literature, such as a Bartz-like correlation for cooling channels 

[6]). There are some significant phenomena that are not simple to model, such as: strong 

pressure drop due to impingement on the inlet section (see section  in Figure 15 and strong 

change in pressure value in Figure 13); the channel outlet exhibits other high pressure-drop due 

to the high velocity reached by fluid in this gap and it may not be modelled by a simpler tool; 

                                                 
12

 The definition of these requirements and their fulfilment are not the objective of this work and have been 

intentionally disregarded. 

Case y
+ cpmax cpmin tmax tmin pmax pmin

RUN0.0 364.79 - - - - - -

RUN0.1 361.09 - - - - - -

RUN0.3 323.25 - - - - - -

RUN0.4 294.83 3131.4 2871.4 536.7 450.0 8.84E+06 5.63E+06

RUN0.5 326.44 3266.5 2870.8 576.8 449.8 8.88E+06 5.61E+06

RUN0.6 328.53 3269.1 2870.8 577.6 449.8 8.89E+06 5.69E+06

RUN0.7 321.74 3210.3 2870.9 560.5 449.8 8.90E+06 5.66E+06

RUN0.8 358.47 3061.7 2741.4 514.8 327.2 8.81E+06 5.67E+06

RUN0.9 328.87 3026.3 2868.4 503.4 448.9 8.87E+06 5.67E+06

RUN1.0 324.94 3035.3 2871 506.3 449.9 8.86E+06 5.62E+06

RUN1.1 323.91 3038.3 2870.9 507.3 449.8 8.87E+06 5.61E+06

RUN1.2 330.84 3046 2870.9 509.8 449.8 8.87E+06 5.72E+06

RUN_175_0.6 222.64 2972.2 2855 489.8 449.7 8.36E+06 5.72E+06

RUN_38_30_175.3 220.46 3004.2 2855.3 500.2 449.9 8.61E+06 6.29E+06

RUN_38_30_175.4 220.55 3012.4 2866.2 500.1 449.9 8.61E+06 6.29E+06

RUN_40_32_175.3 206.61 2987.1 2865.5 491.9 449.8 8.51E+06 6.30E+06

RUN_40_32_305.4 152.95 2999.7 2865.8 496.0 449.9 8.29E+06 6.30E+06

RUN_40_32_305_hd.3 152.23 2996.6 2865.1 495.1 449.8 8.29E+06 6.32E+06

RUN_40_32_305_hd.4 152.16 2996.8 2865.7 495.1 449.8 8.29E+06 6.32E+06

RUN_40_32_305.4.hc 151.84 3011.3 2511.5 499.8 297.2 8.28E+06 6.30E+06
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flow-paths (as can be seen in Figure 13) are very complex to be determined theoretically and 

only a detailed CFD simulation can predict how the fluid flows out. 

 

 
Figure 16: Comparison between different geometries considered in the design loop 

In Figure 17, velocity-vector field is reported on a pressure-based coloured contour map. 

This plot is obtained on a z-y section plane extracted on the fluid part. The fluid flows from 

left (where pressure is higher) to right. On the channel outlet, where the fluid turns around the 

back-body (or distributor plate), a turbulent pattern occurs and this condition the heat 

exchange efficiency of the cooling channel, showing a hot-spot positioned in this section on 

the firing-plate (see Figure 14 to attest). This was not predictable using simpler engineering 

tools, but only by means of CFD. 

 

 
Figure 17: Pressure contour on velocity-vector; comparison between two geometries 

In Figure 18, x-z section plane (extracted on fluid part) is represented. This section 

corresponds to one cuts outlet holes (OUTLET (inj) in Figure 15). As for the previous figure, a 

comparison between the two geometries considered has been presented. A great variance in 

velocity-vector magnitude can be observed. This translates in an unbalanced mass-flow rate 
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on the outlet.  

Similarly, this phenomenon cannot be predicted using simpler tools. Therefore, taking 

advantage of the CFD analyses performed, modification in design have been implemented. 

 

 
Figure 18: Transversal velocity magnitude contour on velocity-vector; comparison between two geometries 

7 CONCLUSIONS 

In the design-loop for system optimization, it is generally not advisable to adopt CFD 

analyses as design tools, because of the large amount of time (otherwise, computational costs) 

required for bringing them to completion. However, the use of simplified engineering tools is 

not always advisable to correctly predict physical phenomena and this is especially true in the 

case of complex geometries or when working with non-ideal fluid is needed, such as in a 

cooling system using super-critical conditioned fluid, like methane at high pressure. In these 

cases, the application of NIST correlations is needed to properly predict the fluid properties. 

In this work a simplified approach has been presented in order to reduce computational 

costs of NIST correlation and therefore of the entire CFD runs. In this way, CFD analyses 

may be assumed to be a quasi-quick tool, as required by system engineering needs. 

The reported results revealed that CFD analysis is necessary to examine in depth the 

phenomena involved in this particular study-case, since simple engineering tools could not 

predict them with a high accuracy. Taking advantage of the simplified approach presented, 

running time for CFD execution has been reduced. In this way, CFD analyses were able to 

support the system design. 

This approach could be applied whenever system engineering requires quick-analyses to 

support design. 
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