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Abstract 
The development of aero engines with geared fans may require the use of a heat exchanger system 

embedded within the bypass duct to dissipate heat due to the losses within the power gearbox of the fan. 

It is pertinent that the naturally ventilated heat exchanger system (HEX) is designed and installed to 

minimise detrimental impacts on the performance of the engine while meeting the HEX heat transfer 

requirements. This paper demonstrates the capabilities of a coupled mixed fidelity method to model a 

ventilated HEX embedded within the bypass duct. A systematic approach is presented to quantify the 

sensitivity of HEX heat transfer, HEX volume and engine net thrust to perturbation in HEX overall size 

and integration. A method to explore and quantify the trade-offs in HEX performance and bypass 

performance is detailed. The method can be used to allow rapid assessment of the integration of the HEX 

with the bypass duct. 

1. Introduction 

1.1 Background 

The requirement to reduce the environmental effect of aviation has led manufacturers to the design and development 

of Ultra-High Bypass Ratio (UHBR) aero-engines with geared fans [1]. The heat losses within the power gearbox 

[2][3] introduces a challenge in the form of thermal management of the engine gearbox system [4]. The thermal 

management system can include the oil circuit for the power gearbox where the oil functions as a lubricant and a 

coolant simultaneously. Heat transferred from the gearbox components to the oil needs to be dissipated. This can 

potentially be achieved through the integration of an air-to-oil heat exchanger (HEX) [5] embedded into the bypass 

duct of the engine (Fig. 1). This allows the heat within the oil to be rejected into the bypass duct. The introduction of 

a HEX system will introduce a pressure drop and a temperature rise within the bypass duct. The benefitial effects of 

heat addition are likely to be negligible compared to the penalty due to the pressure loss [4]. Therefore it is essential 

to design and integrate HEX systems which minimize the detrimental impacts on the bypass performance while 

ensuring the HEX heat transfer requirements are met.  

Figure 1 Schematic of a ventilated HEX system embedded in the bypass duct. 
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1.2 Scope 

 This paper demonstrates the capabilities of a coupled mixed fidelity method to model a ventilated HEX 

embedded within the bypass duct. The in-house tool GEMINI (Geometric Engine Modeler Including Nozzle 

Installation) was used to conduct aerothermal analysis of a ventilated, embedded HEX system integrated in the bypass 

duct of an aero-engine [6]. The tool is capable of parametrically producing engine and embedded HEX geometries. A 

mixed fidelity method was used to integrate a low order HEX model within a CFD solver [7]. This was done to avoid 

the development of a detailed HEX CFD model and thereby reduce computational load and allows more rapid design 

analyses. A heat exchanger design and modelling tool was used to generate HEX performance maps to be integrated 

into the low order HEX model [8]. The thrust-drag bookkeeping (TDB) method was used to quantify the effect of HEX 

system intergation on the aerodynamic performance of the bypass duct [9, 10, 11, 12]. 

 The combined tools and methods were used to conduct design sensitivity analyses on the effects of HEX size 

and system immersion on bypass and HEX performance. The effect of systematic design perturbations on net thrust 

and HEX heat load were evaluated at cruise, maximum take-off (MTO) and ground idle (GI) operating conditions. 

 

2. Methodology 

2.1 Geometry and computational method 

An in-house tool for design and analysis of engine exhaust systems was used to conduct aerothermal design analysis 

of the embedded HEX system. The tool consists of an automated workflow for geometry generation, meshing, solving 

and postprocessing of axisymmetric, separate-jet exhaust systems. The geometry generation approach uses a 

parametric method defined by class shape transformation (CST) functions [7]. The CST method is widely used to 

parameterise geometries for aerodynamic applications [13,14,15]. A CST curve is defined by the product a class 

function 𝐶(𝑥) and a shape function 𝑆(𝑥) with a vertical offset (Eq. 1). The axial (x) and radial (y) geometric parameters 

are normalised by the curve axial length (L). 

 

 𝒚(𝒙) = 𝑪(𝒙)𝑺(𝒙) + 𝒙𝚫𝒚,        𝒙 = 𝑿𝑳 , 𝒚 = 𝒀𝑳 (1) 

 

The class function is based on the geometry of interest and varies based on requirements of the geometry to be 

generated. The Bernstein polynomial is used to describe the shape function (Eq. 2). The shape function is defined by 

the superposition of the Bernstein polynomials scaled by the coefficients 𝐴𝑟 (Eq. 3). 

 

 𝑩𝑷𝒏 = ∑ (𝑲𝒓,𝒏𝒙𝒓(𝟏 − 𝒙𝒏−𝒓))𝒏𝒓=𝟎  (2) 

 

 𝑺(𝒙) = ∑ (𝑨𝒓𝑲𝒓,𝒏𝒙𝒓(𝟏 − 𝒙𝒏−𝒓))𝒏𝒓=𝟎 ,        𝑲𝒓,𝒏 = 𝒏!𝒓!(𝒏−𝒓)! (3) 

 

Christie et al [16] combined the CST method with the PARSEC method [17] to develop the intuitive CST for use in 

aerodynamic design. This method allows parametric aerodynamic shapes to be created based on intuitive design 

variables. The iCST method was used to reduce the full engine geometry including the bypass duct and the HEX system 

to a set of analytical equations in the form of Eq. 1. The two-dimensional computational domain was generated with a 

semi-circular far-field boundary with a diameter of 75DMAX. The required boundary conditions were identified and 

calibrated for the desired operating conditions (Fig. 2). A fully structured multi-block meshing approach was used to 

generate a mesh with a y+ of less than one. The mesh generated through this method consisted of 900,000 elements. A 

mesh independence study was conducted to quantify the grid convergence index (GCI) defined by Roache et al. [18]. 

The GCI was determined to be less than 0.5% for net thrust and HEX heat load at cruise, MTO and GI conditions.  
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Figure 2 Boundary conditions for the engine and the HEX system.  

 

A two dimensional implicit, axi-symmetric, compressible RANS (Reynolds Averaged Navier-Stokes) solver 

was used to calculate the flowfield. The density-based method was used for the high Mach number conditions of cruise 

and MTO while pressure based method with SIMPLE pressure-velocity coupling was used for ground idle conditions. 

The second order spatial discretisation was used and the gradients were computed using the Green-Gauss node-based 

method. The k-ω shear stress transport (SST) turbulence model was used for closure of the averaged Navier-Stokes 

equations [19].  

2.2 HEX modelling 

The HEX modelling method developed by Abdessemed et al [7] parametrically generates the embedded HEX system 

geometry, integrates the low order HEX model into the solver and uses the TDB method for an exhaust system with 

an embedded HEX. The embedded HEX system geometry is generated in a parametric manner using iCST curves. 

A high degree of HEX system geometry control is possible in terms of bulk system parameters including the axial and 

radial position of the whole system within the bypass duct. A large amount of geometric control was also possible for 

the subsystem components of inlet duct, outlet duct and the HEX cowl. 

 The coupled mixed fidelity HEX modelling method consist of an in-house workflow to model a naturally 

ventilated HEX system without the need of a geometry and mesh generation for the HEX. The method combines CFD 

with a low order model of the HEX which provides pressure loss and temperature rise across the HEX as a function of 

HEX mass flow. An iterative method is used to match the mass flows at the inlet and the outlet of the air side of the 

HEX to model a ventilated system [7]. The converged solution will provide a pressure loss and temperature rise across 

the HEX for a given HEX mass flow. The HEX performance maps for a range of HEX system configurations were 

generated using the tool detailed by Ryemill et al [8]. The tool uses empirical HEX heat transfer and pressure loss 

equations to evaluate the performance of a HEX system.  

The predicted HEX performance for a given geometry is used to explore the sensitivity of the HEX and 

bypass performance to changes in HEX sizing and immersion within the bypass duct. An offset strip fin HEX was 

used due to the high heat transfer performance relative to the pressure loss associated with this type of HEX [20]. 

The Darcy-Weisbach equation quantifies the pressure loss across the HEX (Eq. 4) and Newton’s law of cooling was 
used to calculate temperature rise (Eq. 5). 

 

 𝚫𝑷𝟎,𝑯𝑬𝑿 =  𝟐𝒇𝑳𝑯𝑬𝑿𝝆𝑫𝑯 𝑮𝟐  (4) 

 

The pressure drop across the HEX depends on the Fanning friction factor (𝑓), HEX length in the flow direction (𝐿), 

fluid density (𝜌), channel hydraulic diameter (𝐷𝐻)and the flow mass flux (𝐺).  

 

 𝚫𝑻𝟎,𝑯𝑬𝑿 =  𝜺𝒉𝑨𝒉𝒕(𝑻𝟎−𝑻𝒘)�̇�𝒄𝒑   (5) 

 

The HEX effectiveness (𝜀), heat transfer coefficient (ℎ), overall heat transfer area (𝐴ℎ𝑡), inlet total temperature (𝑇0), 

wall total temperature (𝑇𝑤), fluid mass flow rate (�̇�) and the fluid specific heat at constant pressure (𝑐𝑝) determines 

the temperature rise across the HEX. The friction factor and the heat transfer coefficient can be calculated based on 

correlation from Manglik et al [21]. The friction factor is defined as: 

 

 𝑓 = 9.6243 Re−0.7422 ( 𝑠ℎ𝑓)−0.1856 ( 𝑡𝑙𝑓)0.3053 (𝑡𝑠)−0.2659 [1 + 7.669 × 10−8 Re4.429 ( 𝑠ℎ𝑓)0.92 ( 𝑡𝑙𝑓)3.767 (𝑡𝑠)0.236]0.1
 (6) 
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The friction factor is defined by the fin spacing (𝑠), fin height (ℎ𝑓), fin length (𝑙𝑓), fin thickness (𝑡) and the flow 

Reynolds number based on channel hydraulic diameter (𝑅𝑒). The Colburn j factor is used to derive the Nusselt number 

and the heat transfer coefficient [20] as:  

 

 𝒋 = 𝑵𝒖𝑹𝒆𝑷𝒓𝟏𝟑  (7) 

 

 𝒉 =  𝑵𝒖𝒌𝑫𝑯   (8) 

 

 

Where Nu is the Nusselt number, Re is the Reynolds number, Pr is the Prandtl number and k is the thermal conductivity 

of the fluid. Manglik et al. [21] provides the correlation for the Colburn j factor in the form: 

  𝑗 = 0.6522 Re−0.5403 ( 𝑠ℎ𝑓)−0.1541 ( 𝑡𝑙𝑓)0.1499 (𝑡𝑠)−0.0678 [1 + 5.269 × 10−5 Re1.34 ( 𝑠ℎ𝑓)0.504 ( 𝑡𝑙𝑓)0.456 (𝑡𝑠)−1.055]0.1
 (9) 

 

The HEX assessment tool [8] uses fundamental pressure loss and temperature rise equations along with the empirical 

correlation from experiments to quantify HEX performance for a given geometry and operating condition provided to 

the tool. An automated method was developed to generate HEX performance maps for a range of different HEX 

geometries at cruise, MTO and GI operating conditions. The method also integrated the maps into the HEX modelling 

workflow to generate the low order HEX model. This allows rapid design space exploration and sensitivity assessment 

for naturally ventilated embedded HEX systems. 

Figure 3 Thrust and Drag accounting for engine with HEX system installed within the bypass duct. 

 

 The TDB method includes the effect of HEX integration on bypass duct performance and the overall impact 

on net thrust (Fig. 3). The main impact of HEX integration is localised within the bypass duct and therefore two 

assumptions were made to quantify effect on thrust as HEX configurations were varied: 

• Intake mass flow capture ratio (MFCR) is constant. 

• Effect of the HEX configuration only arises within the thrust domain.  

 

The main effects of HEX integration can be quantified using the overall net thrust: 

 

 𝑭𝑵 = 𝑭𝑮∞ − 𝑭𝑮𝟎  (10) 

 

The integration of the HEX into the bypass duct introduces a blockage effect which affects the mass flow within the 

bypass duct. This is an artefact of the computational method which needs to be eliminated to allow consistent 

comparisons between different HEX system configurations. A consistent value of total pressure and total temperature 

at the outlet guide vane (OGV) inlet station is required in order to conduct a fair analysis of the changes in system 

performance. For this reason the cycle based values of mass flow, total pressure and total pressure were used for 

postprocessing. The pressure loss and temperature rise between the OGV and the charging plane (cp) is applied to the 
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cycle values at the OGV to get corrected total pressure and total temperature at the charging plane (Eq. 11). The cycle 

corrected total pressure and total temperature values at the charging plane can be used to calculate the corrected ideal 

velocity (Eq. 12). 

 

 𝑷𝟎,𝒄𝒐𝒓𝒓𝒄𝒑 = 𝑷𝟎𝑶𝑮𝑽,𝒄𝒚𝒄𝒍𝒆 + 𝚫𝐏𝟎𝑶𝑮𝑽−𝒄𝒑,     𝑻𝟎,𝒄𝒐𝒓𝒓𝒄𝒑 = 𝑻𝟎𝑶𝑮𝑽,𝒄𝒚𝒄𝒍𝒆 + 𝚫𝐓𝟎𝑶𝑮𝑽−𝒄𝒑
  (11) 

 

 

 𝑽𝒊𝒅𝒆𝒂𝒍,𝒄𝒐𝒓𝒓𝒄𝒑,𝒄𝒚𝒄𝒍𝒆 = √𝟐𝜸𝑹𝑻𝟎,𝒄𝒐𝒓𝒓𝒄𝒑𝜸−𝟏 (𝟏 − ( 𝒑𝒔,∞𝑷𝟎,𝒄𝒐𝒓𝒓𝒄𝒑 ))  (12) 

 

The ideal propulsive force (𝑰𝑷𝑭𝒄𝒐𝒓𝒓𝒄𝒚𝒄𝒍𝒆
) can be calculated from the cycle corrected ideal velocity (𝑽𝒊𝒅𝒆𝒂𝒍,𝒄𝒐𝒓𝒓𝒄𝒑,𝒄𝒚𝒄𝒍𝒆

) (Eq. 13). 

The velocity coefficient (𝐶𝑣,𝑐𝑝∞,𝐶𝐹𝐷
) is calculated from the CFD results and multiplied to 𝐼𝑃𝐹𝑐𝑜𝑟𝑟𝑐𝑦𝑐𝑙𝑒

 to give the corrected 

gross propulsive force (𝐺𝑃𝐹𝑐𝑜𝑟𝑟𝑐𝑦𝑐𝑙𝑒
) through which the net thrust can be determined (Eq. 14). 

 

 𝑰𝑷𝑭𝒄𝒐𝒓𝒓𝒄𝒚𝒄𝒍𝒆 = 𝑮𝑷𝑭𝒄𝒐𝒓𝒓𝒄𝒚𝒄𝒍𝒆𝑪𝒗,𝒄𝒑 

∞,𝑪𝑭𝑫 = �̇�𝒃𝒑𝒄𝒐𝒓𝒓𝑽𝒊𝒅𝒆𝒂𝒍,𝒄𝒐𝒓𝒓𝒄𝒑,𝒄𝒚𝒄𝒍𝒆 + �̇�𝒄𝒐𝒓𝒆𝑪𝑭𝑫 𝑽𝒊𝒅𝒆𝒂𝒍𝒄𝒐𝒓𝒆 + �̇�𝒗𝒆𝒏𝒕𝑪𝑭𝑫 𝑽𝒊𝒅𝒆𝒂𝒍𝒗𝒆𝒏𝒕   (13) 

 

 𝑭𝑵 = 𝑭𝑮∞ − 𝑭𝑮𝟎 = 𝑪𝒗,𝒄𝒑 

∞,𝑪𝑭𝑫𝑰𝑷𝑭𝒄𝒐𝒓𝒓𝒄𝒚𝒄𝒍𝒆
 − �̇�𝒊𝒏𝒕𝒌,𝒄𝒐𝒓𝒓𝒄𝒚𝒄𝒍𝒆 𝑽𝒇𝒍𝒊𝒈𝒉𝒕  (14) 

2.3 Operating conditions and performance requirements 

The design and integration of the HEX system should aim to minimise the detrimental impact on net thrust while 

ensuring the heat transfer requirement is met. The overall volume of the HEX should also be minimised in order to 

reduce the overall weight of the system. The effect of thrust loss associated with HEX integration can be quantified at 

the two operating conditions of cruise and MTO.A loss in thrust is generally compensated for through an increase in 

the fuel flow rate to maintain a constant overall net thrust. 

At cruise condition the fuel flow rate is increased to achieve the same net thrust as a baseline case without a 

HEX and results in a deterioration in the specific fuel consumption (SFC). The increased fuel flow rate at MTO 

conditions leads to an increase in turbine entry temperature (TET) which can lead to a decrease in turbine life [22]. 

Ground Idle (GI) is generally a benign operating condition with low pressure ratios within the bypass duct which can 

lead to a low mass flow through a HEX embedded within the bypass duct. It is essential that the HEX heat transfer 

requirement is met at GI conditions for a ventilated embedded HEX system. 

Approximate engine operating condition at cruise was provided by Giangaspero et al [23]. A freestream Mach 

number of 0.85 and a fan-nozzle pressure ratio (FNPR) of 2.2 was identified for an UHBR engine with a bypass ratio 

of over 15. Wolf et al [24] detailed that the engine operating conditions at MTO with an FNPR range of 1.3 and 1.4 

for an UHBR engine operating within a Mach number range of 0 and 0.4. The benign engine operating conditions at 

GI can be approximated with a FNPR of 1.01 and a freestream Mach number of 0.03. 

The maximum heat transfer requirement for the HEX is expected to be at MTO conditions where the engine 

fan rotation speeds are the highest. Nikolaidis et al. [4] estimated the heat transfer requirement or a similar UHBR 

engine to that considered in this paper at MTO to be approximately 150 kW. The heat transfer requirements at cruise 

and GI conditions were derived from the requirement at MTO condition. The fan power for the UHBP engine at MTO 

conditions and the heat transfer requirement at MTO can be used to estimate the efficiency of the planetary power 

gearbox to be 99.7%. Engine operating conditions at cruise can be used to calculate the fan power. The gearbox losses 

can then be estimated as a product of the gearbox efficiency and the fan power to be 55 kW at cruise. The gearbox loss 

estimations for GI conditions were based on the relative difference in revolutions per minute (RPM) of the low pressure 

(LP) turbine shaft at MTO and GI conditions. The LP shaft RPM at GI is 60% of the RPM at MTO conditions [25]. 

The quadratic relation between RPM and gearbox losses can be used to estimate the gearbox losses at GI to be 54 kW. 

Therefore, the heat dissipation requirement at GI conditions is estimated to be 54 kW. Overall, these are approximate 

values that are sufficient to highlight the capabilities and sensitivities of the current study. 
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Figure 4 Main geometric parameters HEX system embedded within the bypass duct 

2.4 Embedded HEX system configurations 

The general aim of this paper is to demonstrate the capabilities of a coupled mixed fidelity model to model a ventilated 

HEX embedded within the bypass duct. The method can be used to explore the sensitivity of the HEX and bypass 

performance to the design and integration of the embedded HEX system. The main design parameters of interest are 

the length of the HEX (𝐿𝐻𝐸𝑋), the height of the HEX (ℎ𝐻𝐸𝑋) and the radial immersion of the HEX into the bypass duct 

(ℎ𝑖𝑚𝑚) (Fig. 4). The three design parameters control the overall size of the HEX, the air mass flux through the HEX 

which affects the pressure loss (Eq. 4) and total temperature rise (Eq. 5) across the HEX. The bypass duct outer aeroline 

radial position can be used to control the local area within the duct (ABP-HEX) thus altering the static pressure field 

within the bypass duct and thereby possibly affect the massflow through the ventilated HEX. The design parameters 

of choice are perturbed in a full factorial manner to allow design sensitivity analysis. 

3. Results and analysis 

3.1 Embedded HEX system – effect of sizing 

The integration of a naturally ventilated HEX system into the bypass duct introduces a pressure loss and temperature 

rise between the OGV and the charging plane. The sensitivity of the HEX performance in terms of heat transfer rate 

(Q) and the bypass performance as net thrust (FN) to perturbations in the size of the HEX in terms of LHEX and hHEX 

were quantified at cruise, MTO and GI operating conditions. The full-factorial design space exploration study was 

used to identify the performance trends and design bounds within the design space (Fig. 5). 
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Figure 5 Map of HEX heat load variation due to change in HEX size. Black dashed line represents the design that 

exactly meet the HEX heat transfer requirement. Designs below the line do not meet the requirement and designs 

about the line exceed the requirement. 

 

The parameters ℎ𝐻𝐸𝑋∗ = ℎ𝐻𝐸𝑋/ℎ𝑂𝐺𝑉  (%) and 𝐿𝐻𝐸𝑋∗ = 𝐿𝐻𝐸𝑋/𝐿𝐵𝑃  (%) represent the HEX height and length non-

dimensionally. Non-dimensional HEX heat transfer rate is quantified relative to the required heat transfer rate at the 

defined operating condition (Eq 15).  

 𝚫𝑸∗(%) =  𝟏𝟎𝟎(𝑸−𝑸𝒓𝒆𝒒)𝑸𝒓𝒆𝒒   (15) 

 

Comparisons of the performance of the HEX system at cruise, MTO and GI was used to identify the dominant design 

bounds within the design space. The overall performance trend was as expected where an increase in LHEX and hHEX 

resulted in an increase in HEX heat transfer rate. Generally, it was found that all designs within the design space met 

the HEX heat requirement at cruise condition (Fig. 6). Design bounds were identified for MTO and GI conditions. For 

this example, the design bound for heat transfer rate at MTO condition is identified as the dominant design bound. 

 

Figure 6 Variation in HEX heat transfer rate due to change in HEX size at cruise, MTO and GI conditions. White 

dashed line represents designs that meet the Q requirement. 

 

A change in HEX size for a naturally ventilated system will affect the coupling between the HEX and the bypass duct. 

This results in a change in the mass flow rate and the mass flux across the HEX as the HEX design and integration is 

perturbed. Effect of HEX size on the net thrust is quantified at cruise and MTO conditions. Net thrust is not a 

performance parameter for GI conditions. Loss in thrust is normalised by the net thrust for a clean engine without a 

HEX to provide the non-dimensional parameter Δ𝐹𝑁∗  (Eq. 16). As expected, the larger the HEX the greater the loss in 

net thrust (Fig. 7), albeit with also notable changes in Q (Fig. 6). The loss in thrust was more sensitive to a change in 

the height of the HEX than the length of the HEX. 
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Figure 7 Net thrust map at cruise and MTO as a function of the change in HEX size. 

 

 𝚫𝑭𝑵∗ (%) =  𝟏𝟎𝟎(𝑭𝑵−𝑭𝑵,𝒄𝒍𝒆𝒂𝒏)𝑭𝑵,𝒄𝒍𝒆𝒂𝒏   (16) 

 

The pressure loss across the HEX is the dominant source of pressure loss between the OGV exit and the charging 

plane. The HEX system intake duct, exhaust duct and any mixing losses were an order of magnitude lower than the 

pressure loss across the HEX. The only source of temperature rise between the OGV exit and the charging plane is the 

mass weighted effect of temperature rise across the HEX. The pressure drop between the OGV and the charging plane 

is more sensitive to the height of the HEX than the length of the HEX (Fig. 8). The change in net thrust across the 

design space is mainly due to the effect of pressure loss between the OGV and the charging plane. Temperature rise 

between the OGV and the charging plane does not have a significant effect on the change in net thrust. This suggests 

that if the main objective is only to minimise the thrust loss then a HEX design with a small hHEX should be selected 

and the sensitivity to HEX length (LHEX) is relatively modest. 

 

Figure 8 Map of pressure loss (left) and temperature rise (right) at cruise between the OGV and the charging plane as 

a function of change in HEX length and height. 

 

The performance maps for loss in net thrust and the distribution of heat transfer across the design space can be 

combined into a single map to identify the main design bounds within the design space (Fig. 9). The best HEX system 

configuration that has the lowest thrust loss and meets the heat requirement at MTO has a thrust loss of Δ𝐹𝑁∗  = 0.28% 

at cruise. A design bound associated with the intake separation is also identified. Intake separation is caused due to a 

reduction in the HEX intake mass flow capture ratio (MFCR). A low MFCR results in a captured streamtube with a 

high diffusion ratio. This leads to a diffusion induced separation at the HEX intake Embedded HEX systems with no 

intake separation should be selected in order to ensure that the effect of flow maldistribution is minimised. 
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Figure 9 Map of net thrust at cruise with design bounds for heat transfer at MTO and intake separation superimposed. 

Design in blue circle is the best HEX system design within the design space. 

 

The general design trend is to make a HEX with low hHEX and high LHEX if the aim is to only minimise thrust loss and 

meet the heat transfer requirement. However, the volume of the HEX should also be taken into consideration during 

the design process in order to minimise the potential penalties associated with the weight of the HEX and practical 

aspects of the integration. HEX configurations with low LHEX and high hHEX meet the heat transfer requirement while 

minimising the HEX volume (Fig. 10).  

Figure 10 Map of HEX volume as a function of LHEX and hHEX with the heat transfer design bound at MTO 

superposed onto the map.  

 

 

The trade-off between the loss in net thrust at cruise and the change in HEX volume for all designs that meet the heat 

transfer requirement at MTO condition can be summarised into a single figure (Fig. 11). Generally an increase in LHEX 

and a decrease in hHEX results in an beneficial reduction in thrust loss. Further increase in LHEX results in a saturation 

in the effect on net thrust which leads to a large increase in HEX volume with no significant added benefit in thrust 

loss. Similarly, a reduction in LHEX and an increase in hHEX leads to designs that minimise the HEX volume while 

meeting the heat transfer requirements. A significant increase in hHEX causes LHEX to decrease at an equivalent rate in 

order to maintain a constant Q. This causes the HEX volume to remain constant while the thrust loss further 
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deteriorates. This suggests that the best HEX system designs that minimise the detrimental effects of thrust loss and 

volume while meeting the heat requirement is a balance between LHEX and hHEX.  

Figure 11 Trade-off between loss in net thrust at cruise and HEX volume for all HEX system designs within the 

design space that meet the heat requirement at MTO. Best design is within the region encircled in red. 

3.2 Embedded HEX system – effect of radial immersion 

One method to reduce pressure loss across a given HEX is to reduce the air mass flux through the HEX (Eq. 

4) while still meeting the Q requirement. The mass flux through the HEX in a ventilated configuration depends on the 

effective pressure ratio between the inlet and the exit of the HEX. The pressure ratio can be controlled by changing the 

static pressure at the HEX cowl trailing edge. The pressure ratio and hence the HEX mass flux is likely to be dependent 

on the level of immersion of the HEX system into the bypass duct (Fig. 12). 

Figure 12 Immersion nomenclature: Increased immersion into bypass (left), reduced immersion into bypass (right).  

 

 A reduction in the HEX system radial immersion from ℎ𝑖𝑚𝑚∗ = ℎ𝑖𝑚𝑚/ℎ𝑂𝐺𝑉   (%) = 0% to 2.5% resulted in an 

improvement in cruise net thrust by 0.1% for the best designs within the design spaces (Fig. 13). Best designs are HEX 

system configurations that meet the heat transfer requirement without flow separation at the HEX inlet while 

minimising the detrimental impacts on net thrust. The separation boundary within the design space deteriorated as 

HEX system radial immersion was reduced.  
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Figure 13 Thrust loss maps at cruise with MTO heat transfer design bound (black dashed line) at HEX system at 

three different HEX system radial immersions. Intake separation bound is defined by sloid white line. 

 

 A 1.5% reduction in the radial immersion of the HEX system into the bypass duct from ℎ𝑖𝑚𝑚∗ = 0 to ℎ𝑖𝑚𝑚∗ =−0.015 results in an improvement in the trade-off between net thrust and HEX volume (Fig. 14). Intake separation 

boundary for configurations with no radial immersion is identified at a normalised volume of 0.8. A reduction in HEX 

system immersion by 1.5% for the same normalised volume of 0.8 resulted in a 0.07% thrust benefit. There was no 

significant benefit in further reduction in himm to 2.5%. Alternatively, the reduction in himm by 1.5% allowed the volume 

of the HEX to be reduced by 7% while maintaining the same thrust loss and heat transfer rate.  

Figure 14 Change in trade-off between thrust loss at cruise and HEX volume due to change in HEX system radial 

immersion. Grey line indicates separation boundary. 

3.3 Embedded HEX system – effect of the bypass duct outer aeroline  

A reduction in the HEX system intake MFCR promotes a diffusion led separation within the intake duct. One potential 

method to control the intake separation is to increase MFCR of the HEX system intake duct by reducing the static 

pressure at the exit of HEX system outlet duct. This increases the pressure ratio across the HEX system and can increase 

the air mass flow through the HEX. To investigate this design aspect the radial position of the bypass duct outer aeroline 

was varied to control the bypass flow area (ABP-HEX) and hence the static pressure in the region of the HEX cowl trailing 

edge (Fig. 15). 
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Figure 15 Control of radial position of bypass duct outer aeroline. 

 

 The increase in mass flow resulted in the reattachment of the flow within the intake and improved the 

separation boundary within the design space (Fig. 16). There was no significant effect of a 5% reduction in ABP-HEX on 

the design bound of the heat transfer requirement at MTO condition. However, the increase in HEX mass flow resulted 

in an increase in total pressure loss across the HEX and the total pressure loss between the OGV and the charging 

plane. This led to a deterioration in the thrust loss across the design space. There was a 0.1% deterioration in cruise 

thrust loss for the best designs between the baseline design with no change in bypass duct outer aeroline and design 

with 5% reduction in ABP-HEX. The method can be used to improve the HEX intake separation however the penalty in 

the form of deterioration in net thrust is notable. 

Figure 16 Effect of change in ABP-HEX on thrust loss maps at cruise and on design bounds for heat transfer 

requirement at MTO and intake separation. 

 

4 Conclusions 

A general method has been developed to explore the effect of variations in HEX design and installation on the net 

thrust, heat load and HEX volume. The method can be used to identify the regions of the design space which contain 

the best design and installation configurations. The best designs are defined as designs that meet the heat requirements 

at the smallest HEX volume and with minimum detrimental impact on net thrust. 

 For the configurations explored, it was identified that the best HEX design and installation depended on both 

the length and the height of the HEX. This was because a HEX that meets the required heat load at MTO with a high 
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LHEX and low hHEX was generally beneficial for net thrust at cruise. However HEX configurations with high hHEX and 

low LHEX generally has a lower overall volume. 

 The pressure loss across the HEX was identified as the main source of thrust loss. The reduction in radial 

immersion of the HEX system into the bypass duct was identified as a method to reduce the mass flux through the 

HEX and reduce the pressure loss across the HEX. A 1.5% reduction in the radial immersion of a HEX system with a 

normalised volume of 0.8 resulted in a 0.07% improvement in thrust loss. The 1.5% reduction in himm allows the HEX 

volume to be decreased by 7% while maintaining a constant thrust loss and HEX heat transfer rate. The HEX intake 

separation boundary within the design space deteriorates as the HEX system radial immersion is decreased. Methods 

that use local momentum injection or momentum transfer should instead be used to increase mixing near the separated 

region and control the local flow to eliminate separation the intake separation. Relative to current methods the 

contribution of this work is to demonstrate the capability of the coupled mixed fidelity method to model a ventilated 

HEX system within the bypass duct. The method can be used to conduct rapid design assessments and allow design 

sensitivity studies for embedded HEX systems.  
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