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ABSTRACT 
Hydrogen is being considered as a possible path towards 

carbon-neutral aviation. There are additional advantages 

besides its main benefit of CO2-free combustion. One application 

is to use it for aero engine heat management due to its cryogenic 

temperature and high heat capacity, including intercooling and 

exhaust heat recuperation. The focus of this paper is on the 

design of a compact heat exchanger integrated into an 

intermediate compressor duct (ICD), which could decrease 

compression work and specific fuel consumption (SFC). This 

compact heat exchanger features curved fins to promote flow 

turning and decrease pressure losses compared to more 

conventional straight fin heat exchangers. Conceptual design 

and duct shape optimization has been carried out which 

produced integrated ICD heat exchanger designs with 

significantly lower air-side total pressure losses compared to 

their conventional straight fin counterparts, which could 

improve system level integration and engine performance. A 

direct outcome of this study is a pressure loss correlation which 

can be used in future engine system level trade studies. 

 

Keywords: Hydrogen, heat exchangers, intercooling, 

optimization. 

 

1 NOMENCLATURE 
 

A Area [m2] 

𝛼𝑎𝑖𝑟  Total air-side transfer area/total volume [1/𝑚] 
AR Area Ratio 

BPR Bypass ratio 

𝐷ℎ  Air-side hydraulic diameter [𝑚] 
Δ𝑅 𝐿⁄   Shape factor of the ICD 

𝜖  Heat exchanger effectiveness 

𝑓  Friction factor 
FPR Fan pressure ratio 

𝐺  Mass flux [𝑘𝑔 𝑚2𝑠⁄ ] 
GA Genetic Algorithm 

HEX Heat Exchanger 
HPC High Pressure Compressor 

ICD Intermediate compressor duct 

𝐾  Inertial resistance factor [1/𝑚] 
𝑘  Thermal conductivity [𝑊/𝑚 𝐾]  
𝜅  Fin metal angle 

𝐿𝑥  HEX length in air direction  [𝑚] 
𝐿𝑦  HEX length in H2 direction  [𝑚] 
𝐿𝑧  HEX length in circumferential direction [𝑚] 
LHS Latin Hypercube Sampling 

LPC Low Pressure Compressor 

NTU Number of Transfer Units 
OPR Overall Pressure Ratio 

𝑝  Pressure [Pa] 

𝑄  Heat flow [W] 

�̇�  Volumetric heat source [𝑊/𝑚3] 
RBF Radial Basis Functions 

𝜌  Density [𝑘𝑔/𝑚3] 
SFC Specific Fuel Consumption 

𝜎𝑎𝑖𝑟  Free-flow area/frontal area  

TO Take-off 

ToC Top-of-climb 

𝑣  Velocity  [𝑚/𝑠] 
𝑉  Volume  [𝑚3] 
𝑊  Mass  [𝑘𝑔] 
𝜉𝑓𝑖𝑛  Fin area/total area  

 

2 INTRODUCTION 
Hydrogen is currently being evaluated as a potential 

sustainable fuel option for aviation. Its main advantage 

compared to hydrocarbons, CO2-free combustion, constitutes a 

step on the path towards reducing greenhouse gas emissions 

from aviation. Society-wide efforts to reduce anthropogenic 

climate change such as the European Green Deal, which aims at 

achieving an economy with no net greenhouse gas emissions by 

2050 [1], are ongoing and supported by large research programs 

such as Horizon Europe, whose aim includes the development, 

maturing, and adoption of hydrogen for energy systems [2] and 

transport [3]. 

Hydrogen offers several advantages beyond the 

aforementioned ability to undergo CO2-free combustion; it 

features higher gravimetric energy density and cooling capacity 

compared to kerosene-based jet fuels. However, there are 

challenges associated with using hydrogen in conventional 

aircraft, primarily due to its relatively lower density and the 
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requirement for cryogenic storage temperatures. These factors 

impact the size, weight, and insulation of the propellant feed 

system [4]. On the other hand, the cryogenic storage temperature 

and high specific heat capacity of hydrogen enables it to be used 

as a heat sink in the engine [5–10]. The cooling capacity of 

cryogenic hydrogen is substantial and could lead to significant 

reductions in specific fuel consumption (SFC). For example, by 

increasing the hydrogen temperature from 25 K to 800 K before 

combustion, the absorbed energy content per kilogram of fuel 

reaches approximately 10% of the fuel's heating value. In a 

theoretically loss-free system, this alone has the potential to 

decrease engine-specific fuel consumption by the same amount 

[11]. 

Hydrogen can be used for intercooling and/or recuperation, 

as shown in Fig. 1. Intercooling involves cooling in the 

intermediate compressor duct (ICD) between the low-pressure 

compressor (LPC) and high-pressure compressor (HPC) 

([11,13]). Additionally, there is also continuous cooling during 

the compression process which offers the most significant 

performance improvement but is characterized by a higher level 

of complexity [6–8]. Recuperation with hydrogen captures heat 

in the exhaust gases of the engine, by means of cooled vanes or 

heat exchangers in the turbine rear structure (TRS), which is then 

injected into the combustion chamber. 

Intercooling has the potential to decrease the amount of 

compression work required in the aero engine. Furthermore, it 

also allows to increase the engine overall pressure ratio or to 

decrease the combustor inlet temperature, hence introducing 

additional degrees of freedom towards improving efficiency 

and/or decreasing NOx emissions. This has been previously 

investigated by the authors [9] by employing compressor stators 

for heat transfer, where each stator vane contains an internal 

cooling circuit composed of numerous small cooling channels 

adjacent to the outer vane surface. This approach showed a 

favorable impact on engine performance, with a specific fuel 

consumption (SFC) reduction of up to 0.8% and NOx emissions 

decrease of 3.6%. While high heat transfer rates per unit area 

were possible in compressor vanes, the impact on engine 

performance was constrained by the limited available wetted 

area in the low-pressure compressor.  

Incorporating compact heat exchangers into the ICD (see 

Fig. 2) provides a way to increase the amount of available surface 

area for heat transfer but requires careful integration of the heat 

exchangers and connecting ducts to avoid excessive pressure 

loss, weight, and volume. This was investigated by the authors 

in [14], which carried out conceptual design, analysis, and 

optimization of a conical heat exchanger integrated into an ICD 

duct. This configuration consists of a diffuser which decreases 

the dynamic pressure of the flow, a conical heat exchanger 

(HEX) composed of finned flat tubes, and a contraction which 

routes the air to the HPC inlet. Engine system level calculations 

for this design incorporated into a hydrogen-fueled turbofan 

engine showed SFC reductions of 3.9% at take-off and 2.7% at 

cruise, relative to a non-intercooled reference. It is noted that the 

improvements were mainly credited to fuel pre-heating. At the 

same time, due to a reduction in combustor inlet temperatures, 

NOx emissions were reduced by 34% at take-off and 24% at 

cruise. The air-side total pressure drop incurred in the ICD 

ranged between 8 and 9% depending on operating point, of 

which the vast majority (~60%) could be attributed to flow 

separation near the inlet of the heat exchanger due to a large 

incidence angle between the flow and the heat exchanger fins. 

This represents a clear area for improvement which can further 

enhance overall engine performance. 

 

FIG. 2 - MERIDIONAL VIEW OF A CURVED FIN HEAT EXCHANGER 
INTEGRATED INTO THE ICD DUCT. 

   

   

           

           

FIG. 1 - EXAMPLE OF A HEAT MANAGEMENT SYSTEM FOR A TURBOFAN ENGINE WITH INTERCOOLING AND RECUPERATION. 
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Consequently, the aim of this paper will be to investigate 

the aerodynamic performance of an ICD duct containing a heat 

exchanger with curved fins instead of the more conventional 

straight fins found in tubed fin heat exchangers, aiming at 

increasing flow turning, decreasing the pressure losses in the 

ICD, and improving engine performance. The paper 

encompasses heat exchanger conceptual design, duct design and 

optimization, and generation of pressure loss correlations. 

 

3 METHODOLOGY 
The methodology of this paper can be summarized in the 

following steps: 

1. Heat exchanger conceptual design – Calculating the 

overall dimensions and performance of the heat 

exchanger. 

2. Duct design and aerodynamic optimization – 

Integration of the heat exchanger into an ICD duct and 

subsequent optimization by means of CFD, surrogate 

modelling, and genetic algorithms. This will be carried 

out both for heat exchangers with straight and curved 

fins.  

3. Generation of pressure loss correlations – A selected 

design from the aerodynamic optimization is used for 

generating pressure loss correlations suitable for engine 

system level calculations. 

These steps will be described in greater detail in subsequent 

sections. 

 

3.1 Heat exchanger conceptual design 
Placing a compact heat exchanger in the (relatively) high 

Mach number flow in an ICD will result in large pressure losses 

[11]. As mentioned earlier, the flow needs to be diffused first in 

order to decrease its dynamic pressure, which will decrease the 

total pressure loss of the core air when it flows through the heat 

exchanger. An example of such an ICD geometry is shown in 

Fig. 2 for a curved fin heat exchanger. The air flows from left to 

right, first along a straight annular channel, corresponding to the 

hub and shroud endpoints of the LPC outlet. It is followed by the 

diffuser duct, a heat exchanger (HEX), and then a contraction 

which connects to the downstream HPC. The area ratio (AR) 

between the diffuser duct inlet and outlet dictates which Mach 

number can be obtained at the heat exchanger inlet assuming a 

well-functioning diffuser with low losses. For this paper, an area 

ratio of 4 was chosen which together with an LPC outlet design 

Mach number of 0.4 leads to a Mach number below 0.1 at the 

inlet of the HEX, constituting a compromise between ICD 

volume and air-side total pressure losses. 

The employed HEX matrix geometry is based on the finned 

flat tube heat exchanger with the designation 9.1-0.737-S, for 

which pressure drop and heat transfer correlations were provided 

by Kays and London [15]. The geometry of this heat exchanger 

is shown in Fig. 3a) and Fig. 4, and it will be assumed that the 

pressure drop and heat transfer correlations are applicable for 

curved fins as well, as illustrated in Fig. 3b). As shown in Table 

1, this geometry provides a relatively large heat transfer surface 

area to heat exchanger volume ratio (𝛼𝑎𝑖𝑟) and a high ratio of 

free-flow area versus frontal area (𝜎𝑎𝑖𝑟), for which the former 

should be beneficial for heat transfer and the latter for the 

pressure drop. The core air flows between the fins while 

hydrogen flows inside the pipes with the stadium-shaped cross-

section. 

  
a) b) 

FIG. 3 – A) BASELINE GEOMETRY OF THE 9.1-0.737-S FINNED FLAT 
TUBE HEAT EXCHANGER [15] B) MODIFIED GEOMETRY WITH 
CURVED FINS. 

 

FIG. 4 – BASELINE HEAT EXCHANGER TUBE SCHEMATIC (IN 
MILLIMETERS) [15]. 

TABLE 1 - HEAT EXCHANGER 9.1-0.737-S PROPERTIES. 

9.1-0.737-S HEX 

Free-flow area/frontal area 𝜎𝑎𝑖𝑟 0.788 

Fin area/total area 𝜉𝑓𝑖𝑛 0.813 

Fin spacing [mm] 2.794 

Total air-side transfer area/total volume 𝛼𝑎𝑖𝑟  [𝑚
2 𝑚3⁄ ] 734.9 

Tube wall thickness [mm] 0.254 

Air-side hydraulic diameter 𝐷ℎ [𝑚𝑚] 4.206 

In this paper, the straight fin heat exchanger is treated as a 

rectangular box for the purpose of aerothermal conceptual 

design, using the size parameters 𝐿𝑥, 𝐿𝑦, and 𝐿𝑧 according to Fig. 

5, which define the total heat exchanger volume and surface 

areas. The length of the heat exchanger in the air direction 𝐿𝑥 is 

determined by the chosen number of tube banks 𝑁𝑏𝑎𝑛𝑘𝑠, which 

has been set based on prior experience, balancing pressure loss, 

heat transfer, and volume. The length of the heat exchanger in 

the hydrogen direction, 𝐿𝑦, is calculated using the AR for the 

diffuser duct and radius of the HEX centroid, as shown in Fig. 5. 

For the curved heat exchangers, the dimensions are kept the same 

as for the straight fin heat exchanger in order to maintain the 

same number of tube banks. This effectively leads to more 

surface area for the fins, which could result in increased heat 

transfer and skin friction losses. In order to be conservative with 

respect to aerodynamic performance the curved heat exchanger 

is assumed to have the same overall heat flow Q as its straight-

fin counterpart. Friction losses on the other hand will be 
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accounted for and will be explained further in section 3.2. During 

conceptual design the air-side pressure loss is calculated using 

the following equation from Kays and London [15]: 

Δ𝑝0,𝑎𝑖𝑟 =
𝐺𝑎𝑖𝑟

2

2𝜌𝑎𝑖𝑟,1

((1 + 𝜎𝑎𝑖𝑟
2 ) (

𝜌𝑎𝑖𝑟,1

𝜌𝑎𝑖𝑟,2

− 1) + 𝑓
4𝐿𝑥

𝐷ℎ,𝑎𝑖𝑟

𝜌𝑎𝑖𝑟,1

�̅�𝑎𝑖𝑟

 ) (1) 

 

FIG. 5 - DIMENSIONS OF THE HEAT EXCHANGER FOR 
CONCEPTUAL DESIGN 

The method used for calculating heat exchanger 

performance is the effectiveness-number-of-transfer-units (𝜖 −
𝑁𝑇𝑈) method, which can be found in several textbooks and 

publications [15,16] and has been implemented in an in-house 

Python code. The thermophysical properties used in the 

calculations are obtained from the NIST REFPROP software 

[17] via the Python wrapper for Coolprop [18], providing highly 

accurate real fluid/gas properties for the conceptual design 

process. For the calculations in this paper a dry air mixture has 

been chosen for the air side while Parahydrogen has been chosen 

for the hydrogen side of the heat exchanger. 

 

3.2 Duct design and aerodynamic optimization 
The main design objectives of the duct design are to diffuse 

the flow uniformly before entering the heat exchanger and to 

minimize the air-side total pressure drop, thereby resulting in 

uniform cooling and a low impact on engine performance. The 

objective functions of the optimization can therefore be stated as 

1) minimization of the total pressure drop between the diffuser 

inlet and contraction outlet (Fig. 2) and 2) the minimization of 

the flow non-uniformity 𝜓 at the HEX inlet: 

𝜓 = ∫ |𝑣′| 𝑑𝐴

⬚

𝐴𝑖𝑛𝑙𝑒𝑡

∫ 𝑉𝑑𝐴

⬚

𝐴𝑖𝑛𝑙𝑒𝑡

⁄   (2) 

The flow perturbation 𝑣′ on the heat exchanger inlet is defined 

as the difference between the velocity at a specific point and the 

averaged velocity on the HEX inlet surface (see Fig. 2): 

𝑣′ = 𝑉 −
1

𝐴𝑖𝑛𝑙𝑒𝑡

∫ 𝑉𝑑𝐴

⬚

𝐴𝑖𝑛𝑙𝑒𝑡

 (3) 

The approach chosen here consists of an aerodynamic 

optimization campaign which varies the duct design and uses 

CFD simulations to simulate its performance. The diffuser and 

contraction ducts are parametrized using Bezier curves, 

amounting to a total of 12 variables required to define the design, 

which also includes the inclination of the HEX and the angle 

between the fins and the HEX inlet. 

 

FIG. 6 - OPTIMIZATION FRAMEWORK 

The optimization framework is outlined in Fig. 6. It starts 

by creating an initial design set by means of a Latin Hypercube 

Sampling (LHS), which samples the design space of the duct 

geometries. These geometries are then meshed and simulated 

using CFD. The results are postprocessed and the values of the 

objective functions (total pressure loss and HEX inlet flow non-

uniformity) are extracted and used to create a meta-model. This 

meta-model is then used by the Genetic Algorithm (GA), which 

finds new designs that minimize the objective functions. In turn, 

these new designs are meshed, simulated, and added to the meta-

model which will be used by the GA once again. This process 

iterates until no improvement is reached for the objective 

functions. 

 

FIG. 7 – LOCATION OF HEX DOMAIN, INLET, AND OUTLET.  

Meshing is carried out using the meshing software 

Pointwise, which generates 2D computational meshes consisting 

of unstructured, triangular and quadrilateral cells (see Fig. 7), 

with cell counts usually fluctuating around 50k-100k cells and 

adhering to a first node height 𝑦+ below 1. CFD simulations are 

carried out using ANSYS Fluent assuming 2D, axisymmetric 

conditions and incorporating the 𝑘 − 𝜔 SST turbulence model. 

The inlet is defined using total temperature and pressure while a 

mass flow is prescribed in the outlet. In the present analysis the 

heat exchanger is not discretely represented, instead it is 

modeled using a porous media approach. Hence, the pressure 

drop from the fins and its effect on the flow is modelled through 

an inertial resistance factor 𝜆 in the HEX domain (see Fig. 7), 

similar to other existing heat exchanger studies [19–22]. This 

factor acts in the direction of the fins, accounting for the 

streamwise pressure drop in the HEX as formulated in Eq (4), 

using the total pressure drop from Eq. (1). A value three orders 

of magnitude greater was also imposed in the transversal 

direction, thereby forcing the flow along the direction of the fins 

of the heat exchanger. 

𝜆 = 2Δ𝑝0,𝑎𝑖𝑟 𝜌1,𝑎𝑖𝑟𝑣1,𝑎𝑖𝑟
2 𝐿𝑥⁄   (4) 

   

   

               
    (   )

             
       

(         )

   
(      )

          
(   )

  
(       )
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𝑣1,𝑎𝑖𝑟 = �̇�𝑎𝑖𝑟 𝐴𝑖𝑛𝑙𝑒𝑡𝜌1,𝑎𝑖𝑟⁄   (5) 

 

FIG. 8 – COORDINATE SYSTEM AND DIRECTIONAL VECTORS FOR 
THE INERTIAL RESISTANCE FACTOR. 

In ANSYS Fluent one needs to specify two directional vectors, �̂� 

which is tangent to the direction of the fin and along which the 

inertial resistance factor 𝐾 acts, and a vector �̂� normal to the fin 

surface. For a straight fin heat exchanger this is equivalent to a 

rotation matrix with the inclination 𝛼 of the HEX. For the curved 

fin heat exchanger the fins where defined as circular arcs as 

shown in Fig. 8. The fin leading edge angle 𝜅 is used to adjust 

the angle of the fin with respect to the inlet of HEX, while it is 

assumed that the trailing edge of the fin is perpendicular to the 

outlet surface of the HEX. With these assumptions one can 

readily calculate the needed directional vectors. First, a local 𝑥 −
𝑦 coordinate system is created with the origin at the intersection 

between the HEX hub and its outlet, as shown in Fig. 8. In turn, 

this coordinate system is rotated by the inclination of the HEX 𝛼 

to generate a new 𝑥′ − 𝑦′ coordinate system: 

𝑦′ = 𝑥 𝑠𝑖𝑛 𝛼 + 𝑦 𝑐𝑜𝑠 𝛼  (6) 

The angle 𝜃 is a function of the coordinate 𝑦′ and the fin metal 

angle 𝜅: 

𝜃 =    −1 (
𝑦′ 𝑠𝑖𝑛 𝜅

𝐿𝑥

) (7) 

Which can then be used to define the normal �̂� and tangential �̂� 

vectors at any location on the curved fin: 

�̂� = [
𝑐𝑜𝑠(𝜃 + 𝛼)

𝑠𝑖𝑛(𝜃 + 𝛼)
]  �̂� = [

   (𝜃 + 𝛼)

−   (𝜃 + 𝛼)
] (8) 

Here, it can be seen that for a fin leading edge angle of zero (𝜅 =
0) the directional vectors correspond to a straight fin geometry. 

This setup also accounts for the increased skin friction losses due 

to the larger surface area of curved fins since the flow will take 

a longer path to cross the HEX compared to a design with straight 

fins. For this paper, designs will be analyzed for fin leading edge 

angles 𝜅 of 0° (straight fins), 20°, and 40° degrees (curved fins). 

Heat transfer was incorporated into the CFD model by 

using the energy source term �̇� in Eq. (9) that acts as a heat sink 

in the HEX domain: 

�̇� = 𝑄 𝑉𝐻𝐸𝑋⁄   [W/ 3] (9) 

4 RESULTS 

4.1 Heat exchanger conceptual design 
The integrated ICD heat exchanger has been designed for a 

hydrogen engine in the 30,000 lbf thrust class, year 2050, geared 

turbofan for short-medium range (SMR) applications. This base 

engine model has been previously presented in [14] by the 

authors, where its technology parameters and engine 

performance can be found. It should be noted that this engine 

itself does not feature intercooling but serves as a basis for the 

design of the ICD and compact heat exchanger. Values extracted 

from this engine model serve as boundary conditions for the heat 

exchanger conceptual design and are included in Table 2, which 

together with the heat exchanger design parameters in Table 3 

define the design. 

TABLE 2 – ICD BOUNDARY CONDITIONS. 

         T  T          
          [k / ] 28.86 12.91 11.25 
                 0.0807 0.0807 0.0807 
                   b   0.3831 0.3997 0.3819 
𝑝0 [   ] 0.2909 0.1189 0.1057 
𝑇0 [K] 398.2 356.7 344.1 
 2      T  T          
          [k / ] 0.3143 0.1278 0.1022 
𝑝0 [   ] 4.200 1.863 1.571 
𝑇0 [K] 26.66 24.31 24.07 

 

The length of the ICD is set using the parameter Δ𝑅/𝐿 (Fig. 

2) which relates change in mid-radius to the length of the duct 

from the inlet to the outlet, with higher values being 

representative of shorter, more aggressive duct designs [23]. The 

value chosen here allows for accommodating the volume of the 

compact heat exchanger. As mentioned earlier, the number of 

tube banks 𝑁𝑏𝑎𝑛𝑘𝑠 determines the length of the HEX in the air 

direction and has been set based on prior experience, balancing 

pressure loss, heat transfer, and volume. The chosen thermal 

conductivity 𝑘 is representative for aluminum alloys of the 2, 5, 

and 7 series which could serve as suitable structural materials 

from a heat transfer perspective. The heat exchanger matrix 

geometry, provided in the literature, is scaled down isometrically 

by 50% in order to decrease the air-side Reynolds number, 

increase the Nusselt number, and increase the heat transfer 

surface area to heat exchanger volume ratio (𝛼𝑎𝑖𝑟). The tube wall 

thickness has also been increased compared to the baseline 

geometry in order to increase the hydrogen-side flow velocities 

and heat transfer.  

TABLE 3 –INPUT PARAMETERS FOR THE COMPACT HEAT 
EXCHANGER CONCEPTUAL DESIGN. 

 EX        p          
Δ𝑅/𝐿  0.2 
𝑁𝑏𝑎𝑛𝑘𝑠  8 
𝑘 [𝑊/𝑚 𝐾]  120 
T b           k     [  ] 0.508 

 

The cryogenic temperatures of the fuel can potentially 

cause the elements of the air to condense or even freeze in the 

heat exchanger surface. One way to control the heat exchanger 

surface temperature is to recirculate the pre-heated hydrogen, as 
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examplified in Fig. 9. Hence, 50% of the mass flow in the heat 

exchanger outlet is recirculated back and mixed with the 

incoming, colder hydrogen at the heat exchanger inlet. For the 

present case this allows to keep the air-side temperature above 

the nitrogen condensing and freezing temperatures. However, in 

the presence of humid air, the temperature should be kept above 

the water freezing point, which can be accomplished by 

increasing the level of recirculation. 

 

FIG. 9 – LAYOUT OF RECIRCULATION SYSTEM 

The aerothermal performance of the heat exchanger is 

shown for three operating points in Table 4, where top-of-climb 

(ToC) has been chosen as the design point. This is due to the high 

LPC outlet Mach numbers, which will make this the most 

challenging operating point for the diffuser duct design. 

TABLE 4 - HEX AEROTHERMAL PERFORMANCE. WEIGHT 
INCLUDES ONLY THE HEAT EXCHANGER MATRIX GEOMETRY. 
CHANGES IN TEMPERATURE AND PRESSURE ARE CALCULATED 
USING THE STATIONS IN FIG. 9. 
 

T  T          
𝑄 [kW] 1515 602 474 
𝐿𝑥 [ ] 0.08 0.08 0.08 
𝐿𝑦 [ ] 0.26 0.26 0.26 

𝑇0,𝐻2,𝑚𝑖𝑥𝑒𝑟 [K] 127 121 119 

Δ𝑇0,𝑎𝑖𝑟 [K] -51.9 -46.3 -41.8 
Δ𝑇0,𝐻2 [K] +304 +296 +291 
Δ𝑝0,𝑎𝑖𝑟/𝑝01  1.5% 2.0% 2.0% 
Δ𝑝0,𝐻2/𝑝01,𝐻2  2.6% 2.7% 2.5% 
W [k ] 12.1 12.1 12.1 
𝜖  82% 89% 91% 

 

Relatively large heat flows have been achieved, especially 

during take-off (TO), where the air-side temperature drop has 

reached 53 K due to a combination of high core air mass flow, 

pressure, and temperature. The incurred total pressure drops are 

relatively modest but only represent the losses occurring in the 

heat exchanger matrix itself and for now exclude the losses in 

the diffuser duct, contraction duct, and hydrogen piping.  

Recirculation has led to hydrogen inlet temperatures (after 

mixing) between 119 and 127 K, well above the condensation 

temperatures of nitrogen, oxygen, and argon, which constitute 

99.97% of Earth's atmosphere [24]. 

The size, heat flow, HEX pressure drop, and the fluid inlet 

temperatures and pressures of the ICD will be used in the next 

section to generate and optimize duct designs. 

4.2 Duct design and optimization 

 

FIG. 10 – PARETO FRONTS OF TOTAL PRESSURE DROP VERSUS 
FLOW NON-UNIFORMITY FOR THE THREE OPTIMIZATION 
ATTEMPS CARRIED OUT. 

The duct shape optimization campaign encompasses three 

separate optimization efforts, including for straight fins (𝜅 = 0°) 

and curved fins (𝜅 = 20° and 40°). Each attempt amounted to 

more than 2000 different duct designs which were all simulated 

using CFD. The resulting pareto fronts with respect to total 

pressure drop and flow non-uniformity are shown in Fig. 10. As 

can be seen the integrated curved fin heat exchangers operate 

with lower overall total pressure drops than their straight fin 

counterparts. 

Table 5 contains a set of integrated duct designs which have 

been selected for further analysis, representing low (𝜓 =
0.055), medium (𝜓 = 0.08), and high (𝜓 = 0.1) flow non-

uniformity at the HEX inlet. The three straight fin designs from 

this table have been plotted in Fig. 11 in terms of Mach number 

contours and seem to indicate that lower overall pressure drops 

result from longer diffusers, resulting in lower HEX inlet 

velocities but also increased flow non-uniformity. The latter is 

primarily due to boundary layer thickening in the diffuser hub 

and shroud, which is particularly noticeable at the diffuser 

shroud for design 1196 and 695 (see Fig. 11). Besides the 

boundary layer thickening the flow remains attached with no 

boundary layer separation. Here it can be seen that largest 

improvement in total pressure drop is present for cases with low 

flow non-uniformity, e.g. comparing design 1784 with 1880 in 

Table 5, which shows a decrease in total pressure drop from 

7.63% to 6.48%. 

TABLE 5 – CHOSEN DESIGNS FROM THE PARETO FRONTS FOR FURTHER ANALYSIS. 

      : 1784 1196 695 2058 1678 1662 1880 1253 1969 
𝜅 0 0 0 20 20 20 40 40 40 

Δ𝑝0 𝑝0,𝑖𝑛𝑙𝑒𝑡⁄  7.63% 5.60% 4.80% 6.84% 5.12% 4.35% 6.48% 5.20% 4.57% 

𝜓 0.055 0.08 0.1 0.055 0.08 0.1 0.055 0.08 0.1 
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Design 1784 (𝜅 = 0°, Ψ=0.055, Δ𝑝0 𝑝0,𝑖𝑛𝑙𝑒𝑡⁄ = 7.63%) 

 
 

Design 1196 (𝜅 = 0°, Ψ=0.08, Δ𝑝0 𝑝0,𝑖𝑛𝑙𝑒𝑡⁄ = 5.60%) 

 
 

Design 695 (𝜅 = 0°, Ψ=0.1, Δ𝑝0 𝑝0,𝑖𝑛𝑙𝑒𝑡⁄ = 4.80%) 

 
 

FIG. 11 – MACH NUMBER DISTRIBUTION FOR THREE DESIGNS 
WITH STRAIGHT FINS AND INCREASEING NON-UNIFORMITY 𝝍. 

The effect of the curved fins on the flow can be seen in Fig. 

13 for a straight fin design and two curved designs (20° and 40°) 

for a flow non-uniformity of 𝜓 = 0.08. The flow in the diffuser 

is very similar for all designs, and the average velocity just 

upstream of the HEX inlet (station 2 Fig. 12) ranges from 83 to 

85 m/s for all three designs. Just downstream of the HEX (station 

3 Fig. 12) the flow velocities are markedly higher for the curved 

cases (see Fig. 13), resulting in an average velocity of 46 m/s for 

design 1253 (𝜅 = 40°) compared to 33 m/s for the straight fin 

design 1196. These findings indicate that there is a much less 

sudden deceleration of the flow at the HEX inlet for the curved 

fin heat exchangers compared to the straight fin designs. 

 

FIG. 12 – STATION NUMBERING (BRONZE LINES) USED FOR 
CALCULATING LOSS COMPOSITION. 

The loss composition in the integrated heat exchangers and 

ducts will now be examined in more detail in Fig. 14 for the cases 

in Table 5. As before, one can see that the total pressure drop 

Δ𝑝0 𝑝0,𝑖𝑛𝑙𝑒𝑡⁄  (from station 1 to 5 in Fig. 12) decreases for increased 

flow non-uniformity. If this is subdivided further one can also 

see that the smallest pressure drops for all the presented cases 

can be found in the diffuser (from station 1 to 2) and contraction 

(station 4 to 5).  

The velocity in the HEX inlet face can be decomposed into 

two components, one parallel to the fins at the HEX inlet, and 

one in the transversal direction. The kinetic energy of the later 

component is named the transversal kinetic energy and is the 

largest loss source for the straight finned HEX designs due to 

large incidence angles at the leading edge of the fins. It is 

evaluated at station 2 in Fig. 12. For the curved fin designs this 

loss is significantly lower, but these designs instead feature 

higher total pressure losses in the HEX itself due to longer flow 

paths and higher flow velocities in the HEX compared to the 

straight fin designs. From the results presented here it can be 

observed that the curved fins yield the largest reductions in 

pressure drop for cases where low flow non-uniformity or a 

shorter diffuser duct length is desired.  

 
Design 1196 (0    , Ψ=0.08) 

 
 

Design 1678 (20    , Ψ=0.08) 

 
 

Design 1253 (40    , Ψ=0.08) 

 

FIG. 13 – MACH NUMBER DISTRIBUTION FOR THREE CHOSEN 
DESIGNS AT FLOW NON-UNIFORMITY 𝝍 = 𝟎. 𝟎𝟖. 
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FIG. 14 – BREAKDOWN OF TOTAL PRESSURE LOSSES. EACH 
COLOR GROUP REPRESENTS EITHER 0, 20, OR 40 DEGREES OF 
FIN LEADING EDGE ANGLE 𝜿. WITHIN EACH GROUP THE FLOW 
NON-UNIFORMITY 𝝍 INCREASES WITH THE SHADING OF EACH 

COLOR. 

4.3 Pressure loss correlations 
From Table 5 an integrated duct and heat exchanger 

geometry was chosen which strikes a balance between total 

pressure loss and flow non-uniformity, design 1662, featuring a 

fin leading edge angle of 20° and the lowest total pressure loss 

of the presented designs. The pressure loss correlations will be 

based on data from a series of CFD simulations where the 

dynamic viscosity of the air has been varied to obtain different 

duct Reynolds numbers 𝑅𝑒𝐷ℎ
. The mesh was refined in 

accordance with a previously published mesh study by the 

authors [14] resulting in a mesh cell count of 337k cells. The 

remaining CFD setup is identical to the one described in section 

3.2. 

The pressure loss coefficient 𝐾𝐼𝐶𝐷 is defined as the total 

pressure loss between the diffuser inlet (station 1 in Fig. 12) and 

the contraction outlet (station 5), normalized with the dynamic 

pressure at the diffuser inlet: 

𝐾𝐼𝐶𝐷 =
𝑝01 − 𝑝05

𝑝01 − 𝑝1 
= 0.5106𝑅𝑒𝐷ℎ

−0.01624

+
2415

𝑅𝑒𝐷ℎ

 
(10) 

The range of applicability is 105 < 𝑅𝑒𝐷ℎ
< 4̇ ∙ 106 with a 

maximum error of 0.05% compared to the underlying CFD 

simulation data. The correlation is also plotted in Fig. 15. The 

Reynolds number is calculated using a hydraulic diameter 

defined using the diffuser inlet hub and shroud diameters: 

𝐷ℎ = 𝐷1,𝑠ℎ𝑟𝑜𝑢𝑑 − 𝐷1,ℎ𝑢𝑏 (11) 

The presented pressure loss correlation can be readily 

incorporated into future engine system level simulations, similar 

to existing work on intercooling and recuperation [14,25]. 

 

FIG. 15 – PRESSURE LOSS CORRELATION FOR THE INTEGRATED 
DUCT AND HEAT EXCHANGER DESIGN 1662. 

4.4 Simulation with discrete fins 
This section aims to compare the porous media approach 

used during the optimization with a CFD simulation of a case 

containing discrete fins which are included in the computational 

mesh. For the case of straight fins, a verification case was 

presented in a previous paper by the authors [14]. There, the 

tubes of the heat exchanger geometry were omitted from the 

model to keep the case 2D and the computational mesh at a 

manageable size. The results showed very good agreement 

between the porous media and discrete fin approaches with 

respect to velocity and pressure profiles at the HEX and 

contraction outlets. The results asserted the choice of employing 

the porous media approach for the purpose of aerodynamic 

optimization. 

In this paper the aim was to verify case 1662 using the same 

methodology and mesh settings which were employed and 

verified in the previous paper [14]. The inlet is defined using 

total temperature and pressure while a mass flow is prescribed in 

the outlet (see Table 2), the same as for the porous media cases 

described in section 3.2. All walls are set as adiabatic except for 

the fins which have a prescribed heat flux. When simulating this 

case, it was found that the low momentum boundary layer flow 

of the diffuser hub had led to a cold spot in the heat exchanger 

matrix, as has been visualized in Fig. 16. An additional factor 

contributing to this effect is that the discrete fin simulation does 

not allow for heat to flow between the fins while it is possible in 
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the porous media simulations. This explains why the cold spot 

was not as severe in that case.  

 

FIG. 16 – TOTAL TEMPERATURE CONTOURS FOR THE A) POROUS 
MEDIA SIMULATION AND B) DISCRETE FIN SIMULATION FOR 
CASE 1662. THE TEMPERATURES IN THE COLD SPOT 
APPROACHED THE LOWER LIMIT SET IN THE CFD SOLVER (100 
K). 

For a fully detailed HEX geometry, including the hydrogen 

inflow placed at the HEX shroud, tubes, and an outlet at the HEX 

hub, the cold spot at the diffuser hub will be much less 

pronounced since the hydrogen at this location will already have 

been heated to ~320 K, which is the hydrogen outlet temperature 

according to Table 4 (for ToC). Therefore, the pressure loss 

correlation given in Eq. (10) is still applicable for use in system-

level engine studies. 

 

FIG. 17 – VELOCITY (BLACK) AND TOTAL PRESSURE (BLUE) 
PROFILES AT STATION 2 AND 5 (SEE FIG. 12) AS FUNCTION OF 
DIMENSIONLESS DISTANCE 𝝃 FROM HUB TO SHROUD. 

The cold spot was observed for all cases in Table 5 with 

medium and high flow non-uniformity. On the other hand, the 

low non-uniformity cases did not feature this cold spot, which 

highlights the need for the designer to be aware of this risk and 

to check the design with increasingly more detailed analyses 

and/or adapt the design further. 

 To provide a reasonable verification the choice fell on case 

1880, which does not feature the same type of cold spot as was 

found for case 1662. Velocity and total pressure profiles have 

been extracted at station 2 and 5 in Fig. 12, corresponding to the 

diffuser outlet and contraction outlet, and show good agreement 

between the two simulation approaches. The velocity is higher 

closer to the shroud for the discrete fin approach compared to 

porous media approach, but the remaining profiles match 

relatively well. This comparison has again shown that the 

employed source term approach offers a computationally cheap 

and sufficiently accurate approach for the purpose of 

aerodynamic optimization. 

5 CONCLUSIONS 
This paper has presented results for the conceptual design 

and aerodynamic optimization of a compact heat exchanger 

integrated with an ICD. The heat exchanger features curved fins 

instead of the more conventional straight fins to improve flow 

turning and decrease pressure losses. 

Conceptual design of the heat exchanger shows the 

capability of achieving relatively large heat flows (up to 1.5 

MW) while keeping a relatively compact format. Already heated 

hydrogen from the HEX outlet is recirculated back to the inlet to 

increase the hydrogen inlet temperature to avoid condensation of 

nitrogen and hydrogen on the air-side of the HEX.  

Aerodynamic optimization of the integrated ducts has 

resulted in a design which has significantly decreased total 

pressure losses compared to a straight fin design. 

The benefit of using a curved fin heat exchanger is more 

pronounced when a shorter diffuser or lower flow non-

uniformity is desired. If longer diffusers are used then the 

velocities at the heat exchanger inlet are decreased, which will 

lead to lower transversal kinetic energy losses at the leading edge 

of the fins. It was also found that the total pressure loss inside the 

HEX itself is higher for the curved designs due to longer flow 

paths and higher flow velocities. 

A pressure loss correlation was generated for an integrated 

curved fin heat exchanger for future use in engine system level 

calculations. This will allow for quantifying the effect on fuel 

consumption and emissions. 
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