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Abstract 

A method optimised for efficient prediction of subsonic store separation trajectories is described and 

demonstrated using a wind-tunnel test case. The FastTraj method uses a decoupled flow field approach where 

it is assumed that in most attached flow subsonic store separation scenarios the presence of the store has 

little impact on the perturbed flow field generated by the parent aircraft. The inviscid perturbed flow field of the 

parent aircraft is computed using computational fluid dynamics codes and is captured using a grid. The store 

aerodynamic model is generated elsewhere and Missile Datcom is used to segment the store model to 

approximate the effect of the perturbed flow field changing along the length of the store. The 6-DOF trajectory 

solver interpolates the aerodynamic grid from the parent aircraft to determine the local flow vector at each 

reference point on the segmented store, in addition to the local flow vector due to the motion of each segment. 

Good comparisons with the wind-tunnel data are achieved showing that the method’s speed is not at the 

expense of accuracy and that it is necessary to segment the store to achieve good results.  

Keywords: store, separation, CFD, subsonic, decoupled. 

Nomenclature 

𝐶𝐴, 𝐶𝑌, and 𝐶𝑁  store axial, side and normal force coefficients, respectively 

𝐶𝑙, 𝐶𝑚, and 𝐶𝑛  store rolling, pitching and yawing moment coefficients, respectively 

𝛼, 𝐴𝑂𝐴  angle of attack 

𝛽, 𝐴𝑂𝑆  angle of sideslip  

𝑀∞  freestream Mach number 

𝑞∞  freestream dynamic pressure 

𝑅𝑒  Reynolds number 

𝜓𝑎𝑐, 𝛼𝑎𝑐, and 𝜙𝑎𝑐  yaw, pitch and roll angle, respectively 

𝐼𝑋𝑋, 𝐼𝑌𝑌, and 𝐼𝑍𝑍  moment of inertia about the 𝑥, 𝑦 and 𝑧 axis, respectively 

 

1. Introduction 

1.1 Overview of store separation 

When a store is integrated with an aircraft, many changes are introduced to the characteristics of the 

aircraft, affecting its airworthiness [1][2]. These changes include the aircraft’s performance, handling 

qualities and structural dynamics, amongst others. It is important to assess the nature and extent of 

the changes incurred, to maintain crew and platform safety and to ensure mission success. Such 

assessments are costly and time-consuming [3].  

The separation of the store from the aircraft is often a high-risk aspect of the integration exercise. 
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Store separation may be required as a part of the normal employment of the store, such as releasing 

a bomb over a target [4], or it may be an emergency action in the event of a malfunction which requires 

the rapid but inert jettison of stores from the carrier aircraft in the interest of saving the aircraft. Store 

jettison may also be required to quickly improve the aircraft’s performance and handling qualities such 

as when responding to threats [5]. The requirements and applications for store separation analysis 

are broad; thus, it is important to continue optimising the store separation analysis process.  

The task of determining whether a store could be safely released has progressed from initially being 

performed by a “hit or miss” method where the store is released from the aircraft at incrementally 

higher speeds until the targeted release condition has been achieved or the release produces an 

unsafe scenario such as making contact with the carrier aircraft [2]. Contemporary methods are 

beneficiaries of the development of comprehensive guidelines and standards for certifying an aircraft-

store configuration [5][6] and the use of assessment techniques such as experimental and 

computational simulations. These developments have significantly reduced the costs and enhanced 

the safety of conducting store separation tests.  

When certifying a store for operational service on a particular aircraft, a full investigation of all the 

required aircraft-store configurations, deployment scenarios and emergency scenarios should be 

performed. This results in a large matrix of separation scenarios that must be assessed [7][7]. The 

scale of the task escalates when the guidance provided in MIL-HDBK-244A §5.1.1.2.3.1(g) [6][6][6] is 

considered. This document advises that variations in the aircraft release attitude, ejector impulse, and 

store mass and inertial properties, amongst others, should be analysed to show that they do not 

adversely affect the aircraft or the store during separation [6][6][6]. This large matrix of separation 

simulations can take a significant amount of time and resources to complete.  

1.2 Methods for simulating store separation trajectories 

The task of analysing separation scenarios has significantly improved the safety and cost of 

integrating stores. This initially began with experimental aerodynamic simulations in the form of wind 

tunnel tests and gradually progressed into the computational domain [2], with a combination of wind-

tunnel and computational approaches being widely used [8]. Within each of these domains of 

simulation there are different ways of simulating store trajectories. Some methods are presented in 

Table 1. 

Table 1 – Means of simulating the trajectory of a store released from an airborne aircraft. 

 Wind tunnel simulation Computational simulation 

1 Captive trajectory simulation (CTS) Time-accurate (full computation of flow field every 
step) 

2 Free drop tests Grid analysis (use grid with store present to 
characterise non-linear flow field computationally or 
in the wind-tunnel, which is then interpolated)  

3 - Decoupled flow field (the flow field is calculated or 
measured in the wind-tunnel without the store 
present) 

 

The CTS method involves having an aircraft and store model mounted on separate supports, within 

a wind tunnel test section, and moving each relative to one another to simulate the release of the 

store. The separation simulation is conducted in a quasi-steady state fashion where the store loads 

are measured at a particular position/orientation and then the store moved to the next, by a six-degree-

of-freedom (6-DOF) algorithm, based on those measured loads [3].  

Free drop testing is conducted with the parent aircraft model supported in the tunnel (by a sting, for 

example) and the store is released freely from the parent model by a mechanism representing the 

separation means and allowed to travel unconstrained though the flow field generated by the parent 

model. This form of simulation may capture unsteady effects which are omitted in the CTS test but 

require compromises in the scaling laws and are challenging to implement productively [3]. If a small 
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number of separation scenarios are being investigated, CTS and free drop tests are viable, but it is a 

lengthy and costly process to prepare the store and parent wind-tunnel models, in addition to the effort 

required to perform the tests. CTS tests are often done to validate trajectories generated using grid 

data measured in wind-tunnels and/or CFD. 

Time accurate simulations involve the solving of the flow conditions for each time step as the store 

traverses the flow field [9]. This can be implemented using Reynolds Averaged Navier-Stokes (RANS) 

or Euler CFD codes or with panel codes. Implementation with CFD requires the use of various 

methods to address the impact of the relative movement of the aircraft and store on the flow field 

mesh [10]. Implementation in panel codes requires the recalculation of the Aerodynamic Influence 

Coefficient (AIC) matrix for each time step [11]. Time accurate simulations are considered to be the 

most accurate computational approach as the mutual aircraft/store aerodynamic interference is 

calculated at each time step, but it is computationally expensive, and a considerable amount of run 

time is required [11]. The use of this method has grown dramatically with the substantial increases in 

CFD cluster computing power [12].  

The grid analysis method involves the generation of a grid of store positions and orientations in the 

region that the store is expected to translate after release, from its pylon on the parent aircraft [13]. 

The store is placed at each grid point either in the wind-tunnel or using computational aerodynamics, 

relative to the parent aircraft, and its loads in the aircraft flow field are measured for a given parent 

aircraft flight condition (e.g. Mach number, angle of attack (AOA) and sideslip angle). These loads are 

used to populate a look-up table which is used in an offline computer program to determine the 

trajectory of the store based on its initial conditions and loads along the trajectory. The wind-tunnel 

test may use the same test apparatus as the CTS method, where both models are supported, but in 

this case the store is placed in discrete positions on a grid within the aircraft flow field for a given flight 

condition and aircraft attitude [3]. A wind tunnel balance within the sting supporting the store measures 

the aerodynamic loads on the store model. Alternatively, the loads are computed using CFD [14] or 

panel codes. The grid method is mostly used when there is significant mutual aerodynamic 

interference between the aircraft and the store, which is often the case in transonic and supersonic 

store releases [8]. The influence function method is commonly used with the grid method which allows 

the grid data to be used for separation analyses of stores that have similar geometries, resulting in 

significant cost savings [15]. 

van den Broek [11] showed that in many cases, the impact of the aircraft and store mutual 

aerodynamic interference on the predicted store trajectory is small and may be neglected. In this work, 

the non-uniform flow field was characterised by calculating the perturbation field caused by the aircraft 

and applying this to a uniform flow field grid encompassing the volume expected to be traversed by 

the store after release. The trajectory of the store is calculated by interpolating the grid data to the 

current store position to determine the local perturbed flow field. In van den Broek’s implementation 

using the panel code USTORE, the paneled store uses the grid to determine the local flow field 

parameters at each panel on the store. This method enables the flight condition to be changed with 

minimal effort as the aircraft and store AIC matrices do not need to be recalculated and changes to 

the initial conditions of the store, its mass, or inertial properties can be analysed without recalculating 

the flow field. A similar approach to separately determining the aircraft perturbation flow field and then 

mathematically superimposing the store is used in the United States Air Force (USAF) FLIP 4 Store 

separation trajectory simulation code [16]. In this code the aerodynamic characterisation of the store 

can be done using the called Missile Distributed Airloads (MDA) code. MDA is a semi-empirical 

software program that employs the component build-up method to estimate the loads on a store at a 

given attitude and flight condition. This build-up method enables the code to determine force and 

moment coefficients for each component of the store and account for the change in these coefficients 

based on the variations in the local flow conditions when the store is in a non-uniform flow field [17]. 

The approach used by van den Broek and FLIP 4 will be referred to as the “decoupled flow field” 

method in this paper. 
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2. The fast decoupled store separation analysis method 

This paper presents the extension of the decoupled flow field method to the use of inviscid aircraft 

flow fields computed by CFD codes and a segmented model of the store that captures flow field 

perturbations along the length of the store and aerodynamic damping in the trajectory.  This method 

is applied to a subsonic store separation analysis test case. While decoupled flow field techniques 

are widely used, the combination of CFD computed inviscid flow fields and segmented store models 

is novel. The perturbed aircraft flow field is typically computed using RANS CFD. This paper will show 

that acceptable results are quickly obtained at much lower cost using inviscid CFD solutions.  

The question arises: why are panel codes not used to compute the inviscid perturbed aircraft flow field 

as journal articles like van den Broek [11] demonstrated to be acceptable? While panel codes give 

good results in the hands of well-trained users, the setup time for new projects is significant. Modern 

CFD packages and grid generators are well integrated with computer-aided design (CAD) packages 

and with modern computational resources, inviscid CFD simulation projects can be executed more 

quickly than with panel codes. A key limitation of the decoupled flow field method is that it is not 

applicable to scenarios where there is significant mutual aerodynamic interference between the 

aircraft and the store. This applies to transonic flow fields where shockwaves are present between 

the aircraft and the store, and to subsonic conditions with large stores positioned very close to the 

aircraft (e.g. the large drop tanks on the Mirage 2000 positioned close to the wing is an example). 

In this section, we describe the procedure and its implementation using CFD, an empirical missile 

aerodynamics code and a six-degree-of-freedom (6-DOF) solver. While it was implemented using a 

specific CFD code, missile aerodynamics code, and a 6-DOF solver (viz. Star-CCM+ [19], Missile 

Datcom [20] and ARUV), the method presented will work with other similar solvers. The use of Missile 

Datcom is not necessary provided that the aerodynamic properties of the store are known by other 

means.  

This section is split into two; Sections 2.1 and 2.2, each describing the philosophy of the method and 

its implementation, respectively. The implementation of this method is demonstrated and verified 

using a subsonic wind-tunnel store separation test case published by Roberts and Myers [18]. 

2.1 Method Description 

A key assumption made in this method is that the influence of the store on the subsonic flow field 

around the parent aircraft is negligible in the period immediately after the store is released. On this 

basis, the perturbed velocity flow field around the parent aircraft and excluding the store can be 

calculated and subsequently imposed on the store. The Star-CCM+ CFD solver is used in this paper. 

When the velocity flow field around the parent aircraft has been determined, the region where the 

store is expected to be during the separation is resampled onto a coarser grid than the mesh used 

in the CFD simulation. Figure 1 shows an example of such a sampling grid below a parent model. 

The sampling grid is created so that its coarseness increases monotonically with the vertical distance 

from the parent model. This accounts for the decreasing perturbation of the flow field with increasing 

distance from the aircraft. This resampled velocity field is then imposed onto the segmented store to 

determine the trajectory. 

 
Figure 1 – A sampling grid below the starboard wing of the swept wing/fuselage model [18]. 

Figure 2 illustrates a store segmentation where the Roberts and Myers store has been split into the 
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nose cone, the centre body, and the aft body. The primary goal for the segmentation in this instance 

is to be able to capture localised effects that would not be possible if the store were treated as a rigid 

monolith. When the store has been segmented, the aerodynamic properties of each segment can be 

approximated using a tool such as Missile Datcom. When combined, the aerodynamic properties of 

the three store segments must add up to the aerodynamic properties of the complete store. 

 

  
 

Nose Cone Centre Body Aft Body 
Figure 2 – An illustration of a store that has been segmented into three components. 

With the aerodynamic properties of the store and the velocity flow field through which the store will 

move known, a 6-DOF solver can be used to calculate the trajectory and attitude of the store. This 

method is called FastTraj. 

2.2 Implementation 

The procedure described in Section 2.1 is demonstrated with the Roberts and Myers [18] models 

using Star-CCM+ to calculate the velocity flow field; Missile Datcom to determine store aerodynamic 

properties; and an inhouse 6-DOF solver called ARUV to calculate store trajectories upon store 

release. 

 

 

a.) Wing fuselage model. b.) Basic finner store. 

Figure 3 – Sketches of the parent aircraft model (a) and store model (b) used to demonstrate the 
decoupled store trajectory method[18]. The dimensions are shown in meters. 

Figure 3 shows the dimensions of the parent and store models. The calculation of the aerodynamic 

properties of the store in Figure 3b, the velocity flow fields, and finally the trajectories are described 

in the following sections. 

2.2.1 Store Aerodynamics 

Missile Datcom was used to estimate the aerodynamic properties of the store. Missile Datcom is a 

widely used semi-empirical software tool for the analysis of aerodynamic properties of axisymmetric 

missiles and aircraft [20]. The store loads are calculated from aerodynamic coefficients extracted from 

lookup tables that cover the incidence angle and Mach range expected from the store motion profile.  

The reference points for the segmented store were taken as follows, refer to Figure 4: 

The nose of the store is taken as the origin. 

The nose reference point is at one-third (⅓) of the nose length (LNOSE). 

The centre body reference point is at half (½) of the centre body length (LCENTRE) plus the 

nose length. 

The aft or tail body reference point is at half (½) of the tail length (LAFT) plus the nose and 

• 

• 

 
 
 
 
 
 
 
 

• 

• 
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centre body length. 

 
Figure 4 – Full store reference points 

The store was segmented as illustrated in Table 2 and  

 

Table 3. Segmentation allows for the respective aerodynamic contributions of the body segments to 

the overall store dynamics to be calculated and captures the store damping. The aerodynamic 

coefficients that were calculated for the overall store and for each segment were force coefficients 

such as 𝐶𝑋, 𝐶𝑌, and 𝐶𝑍 and moment coefficients such as 𝐶𝑙, 𝐶𝑚, and 𝐶𝑛.  

The aerodynamic coefficients for the sub-models were calculated using Missile Datcom by 

considering each segment as an individual body. By assuming linear superposition, the aerodynamic 

coefficients for the individual model segments were derived through appropriate subtraction of the 

sub-models, which were derived from Figure 4 and illustrated in Table 2 and Table 3. The ‘𝑋 

termination’ distance is the axial coordinate at which the sub-models were terminated. The ‘𝑋 

reference’ is the axial coordinate at which the local flow conditions are to be extracted and which then 

serves as a reference to find the appropriate matching data in the aerodynamic lookup tables. Table 2 

also indicates sub-models which were ran to extract aerodynamic coefficients inside Missile Datcom. 

The procedure followed in developing the model was to automate the process of loading store 

aerodynamic data, creating store segments, and writing the aerodynamic data into a segmented look-

up table is shown in Figure 5. The first output file is a verification text file showing the verification of 

the store segment, at which it checks whether the three segments combined correctly adds up to the 

original store aeromodel (𝐴 +  𝐵 +  𝐶 =  1) at every Mach number, AOA and 𝛽 combination. Other 

outputs include the segmented look-up table, non-segmented look up table (to compare segmented 

look-up table against non-segmented look-up table results) and plots to show individual contributions 

of the components to the overall aerodynamics of the store (see Figure 6, which shows the graph of 

𝐶𝑚 and the corresponding 𝐶𝑍 at 𝛽 = −21∘ and Figure 7, which shows the 𝐶𝑛 graph and the 

corresponding 𝐶𝑌 at 𝛼 = −27°). 

Table 2 – Model partitioning with the full store model as base model used to 
generate sub-models 2 and 3. 

𝑋 Designation 
Sub-Model 
Designation 

Model/Sub-Model 
𝑋 termination 

[m] 

Full Store  
LNOSE 

+LCENTRE+LAFT 
1 

 

3.239 

LNOSE+LCENTR 2 

 

2.631 

LNOSE 3 

 

0.762 

z 

x 
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Table 3 – Missile DATCOM aerodynamic model segment definition for the large 
finned store. 

Segment 
Designation 

Name 

Segment 
Designation 

Model Segment 
𝑋 reference 

[m] 

Aft Body 𝐶 =  1 –  2 

 

2.934 

Centre Body 𝐵 =  2 –  3 

 

1.696 

Nose Cone 𝐴 =  3 

 

0.254 

 

 

 

Figure 5 – Look-up table generation using MATLAB script flowchart. 

 

  
a) Individual contribution 𝐶𝑚 vs 𝛼 plots b) Individual contribution 𝐶𝑍 vs 𝛼 plots 

Figure 6 – Typical build-up of store components, 𝐶𝑚 vs 𝛼 and 𝐶𝑍 vs 𝛼 for 𝛽 = −21∘. 
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a) Individual contribution 𝐶𝑛 vs 𝛽 plots b) Individual contribution 𝐶𝑌 vs 𝛽 plots 

Figure 7 – Typical build-up of store components, 𝐶𝑛 vs 𝛽 and 𝐶𝑌 vs 𝛽 for 𝛼 = −27∘. 

2.2.2 CFD Modelling 

The aircraft velocity flow field was calculated using Star-CCM+ (Version 2210, Build 17.06.007) , a 

commercial CFD solver. The solver was run on a Dell Precision 7770 workstation with a 12th 

generation Intel Core™ i7-12850HX processor and 132 Gb of RAM. This section contains a 

description of the domain that was used, the mesh, and finally the solver. 

Geometry 

A schematic and dimensions of the parent aircraft from which a three-dimensional model was created 

are shown in Figure 3. As a solution of the flow field around the aircraft was sought, the volume of air 

bounding the aircraft was modelled as a rectangular prism with length, width, and breadth equal to 

sixty times the length, width, and breadth of a similar rectangular prism bounding the parent aircraft 

as partially illustrated in Figure 8. The nose of the parent aircraft was set to nine times the length of 

the aircraft from the inlet boundary.  

 
Figure 8 – Domain extent that was used to calculate the velocity flow field around the parent aircraft 
with 𝐿 = 18.51 m and 𝐻 = 1.69 m as shown in Figure 3. The width was 60 times the wingspan of the 

aircraft (720 m). 

With the domain established, a polyhedral mesh was created based on a reference length of 𝐿. The 

minimum and maximum cell sizes on the surface were set at 0.08 % and 0.5 %, respectively. The 
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growth rate between the smallest and largest cell was 1.1. A layer of ten prism cells was placed near 

the wall boundaries to resolve boundary layers. Prandtl’s flat plate theory was used to estimate the 

total thickness of the boundary layer and hence prism layers. The thickness of the first layer was also 

calculated with the requirement that the 𝑌+ value should be equal to one [22]. The cell size of the 

outer boundary of the domain was fixed at 30 % of the reference length. Finally, the volume was filled 

with polyhedral cells growing from the surface to the outer boundary at a volume growth rate of 1.05 

and the wake behind the aircraft for up-to three times the reference length was refined to 0.5 % of the 

reference length. The errors due to this discretisation were assessed using Roache’s method [23] and 

the results presented below. A view of a typical mesh is shown in Figure 9. 

 
Figure 9 – A view of the base mesh that was used to calculate the velocity flow field. 

Physics and Solver Setup 

Star-CCM+ uses the finite volume formulation to calculate numerical solutions of the Reynolds 

averaged Navier-Stokes (RANS) equations shown in Equations 1 to 3. In Equations 1 to 3, 𝜌,𝒗, 𝝈, 𝐸, 

𝒇𝑏, 𝑞, and 𝑆𝐸 represent fluid density, velocity flow field, the stress tensor, energy, body forces, heat 

flux, and energy sources per unit volume. However, the latter three terms were not modelled as they 

are not relevant to the current work. 

𝜕𝜌

𝜕𝑡
+ ∇ ∙ 𝜌 = 0 (1) 

𝜕(𝜌𝒗)

𝜕𝑡
+ ∇ ∙ (𝜌𝒗𝒗) = ∇ ∙ 𝝈 + 𝒇𝒃 (2) 

 
𝜕(𝜌𝐸)

𝜕𝑡
+ ∇ ∙ (𝜌𝐸𝒗) = 𝒇𝒃 ∙ 𝒗 + ∇ ∙ (𝒗 ∙ 𝝈) − ∇ ∙ 𝑞 + 𝑆𝐸  (3) 

For closure the fluid was assumed to be air and modelled as an ideal gas with viscosity following 

Sutherland’s law. Turbulence was modelled using the SST k-ω model, a modification of the standard 

k-ω model which corrects for the sensitivity of the inlet conditions on turbulent kinetic energy (k) and 

specific dissipative rate (𝜔) [21]. However, as shown by the grid convergence study below and a 

comparison of inviscid and viscous results in the discussion of subsection 4.1, it is sufficient to use an 

inviscid model to estimate the flow field. 

The coupled flow solver in Star-CCM+ was then used to calculate the numerical solution of the 

conservation Equations 1-3 above, assuming a steady state exists. The second order upwind scheme 

was used to calculate convective fluxes. Flow conditions in Roberts and Myers [18] were used to set 

the freestream boundary to Mach 0.4 at an altitude of 5000 ft assuming the international standard 

atmosphere (ISA) model [24]. The Courant (CFL) number was set to vary linearly from 0.1 to 30 over 

the first 500 iterations. A small CFL number helps maintain solver stability when transients dominate 

the flow field while a larger CFL number later ensures faster convergence. The solver was considered 

converged when the monitored quantity (drag) approached an asymptote with normalised variations 

of at-most 0.01 over 100 iterations. 

Table 4 – Coordinates of the points that form the sampling grid illustrated in Figure 1. 

𝑋 (m) 0 0.508 1.016 1.524 2.032 2.540 3.048 3.556 4.064 4.572 

𝑌 (m) -1.016 -0.750 -0.508 -0.254 -0.075 0.075 0.254 0.508 0.750 1.016 

𝑍 (m) -4.115 -3.454 -2.445 -1.778 -1.422 -0.965 -0.66 -0.356 -0.152 0 

 

When the solver converged, the velocity flow field below the parent aircraft was resampled. The 

sampling grid was composed of 1000 points spread uniformly in the 𝑥 and 𝑦-directions. Figure 1 
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shows 𝑥, 𝑦, and 𝑧 positions with the origin at (8.128, 2.032, -0.229) m relative to the nose of the parent 

aircraft. The grid was formed from a permutation of these positions. In the 𝑧-direction, the point density 

decreased monotonically with increasing distance from the parent aircraft.  

Grid Convergence Study 

A grid convergence study was conducted to assess the influence of discretisation as described by 

Roache [23]. The output from this study was a grid convergence index (GCI) representing the error 

due to the grid. The GCI is calculated according to Equation 4 where 𝜖 is the absolute difference 

between the measured quantity calculated using two different grids of varying coarseness; 𝑟 is the 

refinement factor; and 𝑝 is the order of the CFD algorithm. In this instance, a second order algorithm 

was used. 

𝐺𝐶𝐼 =
𝜖

1 − 𝑟𝑝
(4) 

 Table 5 – Grid convergence indices for five refinement levels calculated using drag compared to flow 
speed at three sampling points: 𝑃1(0, -1.016, -6.401) m, 𝑃2(4.572, -0.75, -4.115) m, and 𝑃3(4.572, -

0.75, -0.965) m. Δ𝑥 is the smallest represents the smallest cell in the domain. 

Case #Cells Δ𝑥 (m) 
Drag 
(N) 

ΔDrag GCI 
𝑉𝑃1 

(m/s) 

𝑉𝑃2 
(m/s) 

𝑉𝑃3 

(m/s) 

Wall 
Time 
(s) 

0 5162408 4.00e-3 12335.4 - - 132.95 132.73 132.45 1861 

1 5769406 3.50e-3 11983.1 2.86% 12.18% 133.00 132.70 132.46 2000 

2 6614486 3.00e-3 11719.8 2.20% 8.28% 133.00 132.72 132.36 2300 

3 8607569 2.25e-3 11269.3 0.33% 8.79% 133.02 132.74 132.50 2918 

4 9648364 2.00e-3 11253.0 0.14% 0.49% 132.94 132.67 132.36 3065 

 

The results of the grid convergence study are shown in  Table 5 where the velocity at the sampling 

points does not vary significantly. This is because the sampling points are distributed away from the 

influence of the parent aircraft and are therefore closer to the free stream. Drag, on the other hand, 

can be seen to approach an asymptote as the grid is refined. Based on  Table 5, it is plausible to use 

the coarse mesh (such as Case 0) to estimate the velocity field at the sampling points. This, because 

grid refinement does not seem to influence velocity flowfield in the region of interest while increasing 

the computation time involved.  

2.2.3 Trajectory Calculation 

A 6-DOF rigid body model (Equations 5 and 6) in the ARUV code was used to calculate the store 

trajectory. ARUV is a low-order panel code with a fixed wake and an extensive array of features 

supporting store separation analyses. It is a further development of the USTORE code [11] developed 

by the CSIR and which is described in detail in [8]. Equation 5 where 𝑚, 𝑡, and 𝒗 represent store 

mass, time, and store velocity describes how the store translates. Similarly, Equation 6 represents 

the store’s rotation about the store’s body reference frame with the origin at the store’s centre of mass. 

𝑴, 𝜔, and 𝑛 represent the store’s moments of inertia tensor; angular velocity vector; and resultant 

store moments. 

𝑚
𝑑𝒗

𝑑𝑡
= 𝒇𝒃 (5) 

𝑴
𝑑𝝎

𝑑𝑡
+ 𝝎 × 𝑴𝝎 = 𝒏 (6) 

Mass and moments of inertia of the store are shown in Table 6. The off-diagonal components of the 

inertia tensor were all zero. Table 6 also shows the initial velocity and attitude of the store. The 

resultant body forces and moments were calculated using the sampled flow field, the store 

aerodynamic properties from Missile Datcom and the local motion of the reference point of each store 

segment, resulting in a closed set of Equations 5 and 6. The equations were numerically integrated 

using the Kutta-Merson method to calculate the store’s trajectory and attitudes. The results are 

compared to Roberts and Myers [18] wind tunnel results in Section 3 below. 
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Note that using the local motion at each store segment’s reference point to adjust the local flow 

condition allows the approximation of the store’s plunging and angular aerodynamic damping 

properties to be approximated in the trajectory dynamics, something that is not possible in non-

segmented store models.  

2.3 Methodology verification test case 

2.3.1 Test Case Description 

Table 6 lists the four AEDC-TR-73-87 wind tunnel trajectory test cases that were identified as suitable 

candidates to validate the proposed methodology by comparison with the FastTraj simulation result. 

Tests were conducted at 𝑀∞ = 0.4 and 𝑅𝑒 = 3.6 million per foot, and aircraft angles of attack of 0∘ and 

6∘. The full-scale store has a mass of 56.66 kg and 226.64 kg and the center of mass is located at the 

store mid-body. The store has a 45-degree roll orientation at the pylon position (0, 0, 45) and ejection 

velocities of 3.048 m/s (0, 0, -3.048) relative to the aircraft axes. The store translation and orientation 

data were compared for a wing-mounted store release.  

Table 6 – AEDC-TR-73-87 wind tunnel trajectory test cases for comparison with FastTraj [18]. 

Aircraft flight condition Store mass properties 

Test 

Configuration 

𝐻 

[ft] 

𝑀∞ 
[-] 

𝜓𝑎𝑐 
[deg] 

𝛼𝑎𝑐 

[deg] 

𝜙𝑎𝑐 

[deg] 

𝑚 

[kg] 

𝐼𝑋𝑋 
[kg.m2] 

𝐼𝑌𝑌 
[kg.m2] 

𝐼𝑍𝑍  

[kg.m2] 

T-400 5000 0.4 0 0 0 56.66 2.7120 27.117 27.117 

T-401 5000 0.4 0 6 0 56.67 2.7130 27.117 27.117 

T-403 5000 0.4 0 0 0 226.65 10.848 108.466 108.467 

T-405 5000 0.4 0 6 0 226.67 10.850 108.466 108.467 

 

The tests were conducted in the closed loop, continuous flow, variable-density, Aerodynamic Wind 

Tunnel (4T) at the Arnold Engineering Development Centre (AEDC) in Tennessee, USA, in 1974. The 

aircraft-store was a 5% scaled wind tunnel model. The store model was a Stable Store, referred to as 

Large Force Finned (LFF), with rectangular planform fins and is mounted on the wing station. The 

aircraft model has 45° wing sweep at the quarter-chord line, an aspect ratio of 4, a taper ratio of 0.3 

and 6 % thick symmetric aerofoil sections. Sketches of the full-scale wing-fuselage model and store 

are shown in Figure 3. Two separate and independent model support systems were used during the 

test. The parent model was inverted in the test section and supported by an offset sting attached to 

the main pitch sector that allows for pitch control. The store model was supported by the Captive 

Trajectory Support (CTS) system. The CTS system provides store movement with 6-DOF, 

independent of the parent aircraft model. A digital computer is programmed to solve the 6-DOF 

equations to calculate the angular and linear displacements of the store relative to the aircraft pylon. 

This calculation involves using the measured static aerodynamic coefficient values to calculate the 

new position and attitude of the store. The CTS is then commanded to move the store model to this 

new position and the aerodynamic loads are measured again for the next 6-DOF calculation. This 

process is repeated until a full trajectory has been acquired. 

2.3.2 Test case data precision 

Table 7 lists the estimated uncertainties in model and probe positioning. According to Roberts and 

Myres [18] these uncertainties are the consequence of the CTS and main pitch sector’s ability to 

accurately set a specified parameter.  

Table 8 lists the estimated uncertainties in the force model data which considers the probable 

inaccuracies in the balance measurements and tunnel conditions.  

Table 9 lists the estimated uncertainties in store translational and angular displacements. According 

to Roberts and Myers [18], these are the maximum estimated uncertainties that result from errors in 
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translational and angular placements, extrapolation tolerances, and balance accuracy. The light store 

linear and angular displacement errors are substantially more compared to those of the heavy store. 

Due to its smaller mass and inertial properties, it is more aerodynamically sensitive and has less 

damping characteristics. 

Table 7 – Estimated uncertainties in model and probe positioning. 

𝛥𝑋 [𝑚] 𝛥𝑌 [𝑚] 𝛥𝑍 [𝑚] 𝛥𝛼𝑠𝑡𝑜𝑟𝑒 [𝑑𝑒𝑔] 𝛥𝛼𝑎𝑖𝑟𝑐𝑟𝑎𝑓𝑡 [𝑑𝑒𝑔] 

±0.00152 ±0.00152 ±0.00152 ±0.15 ±0.10 

 
Table 8 – Estimated uncertainties in the force model data. 

𝑀∞ Δ𝑀∞ Δq∞ [𝑃𝑎] ΔC𝑁 ΔC𝑌 ΔC𝑚 ΔC𝑛 ΔC𝐴 

0.4 ±0.005 ±2.2 ±0.02 ±0.02 ±0.03 ±0.03 ±0.05 

 
Table 9 – Estimated uncertainties in store translational and angular displacements. 

𝑀∞ 𝑚𝑠𝑡𝑜𝑟𝑒[𝑘𝑔] 𝑡 [𝑠] 𝛥𝑋 [𝑚] 𝛥𝑌 [𝑚] 𝛥𝑍 [𝑚] 𝛥𝜃𝑠𝑡𝑜𝑟𝑒 [𝑑𝑒𝑔] 𝛥𝜓𝑠𝑡𝑜𝑟𝑒 [𝑑𝑒𝑔] 

0.4 56.66 0.5 ±0.081 ±0.054 ±0.024 ±1.9 ±4 

0.4 226.64 0.5 ±0.021 ±0.012 ±0.006 ±0.5 ±1 

3. Results 

3.1 6-DOF model Co-ordinate System 

The 6-DOF aircraft-store model reference coordinate system is a right-handed co-ordinate system. 

The 0𝑥,𝑏𝑜𝑑𝑦axis is positive rearwards, the 0𝑦,𝑏𝑜𝑑𝑦 axis points to starboard, and the 0𝑧,𝑏𝑜𝑑𝑦 axis is 

directed upwards as shown in Figure 10 below. The aircraft-store linear translations are positive when 

their direction of action is the same as the direction of the axis to which they relate. Positive roll is left 

wing down or roll to the left. Positive pitch is nose up. Positive yaw is nose to the left. 

 
Figure 10 – 6-DOF Aircraft-store model reference coordinate system  

3.2 Verification cases 

The FastTraj method is verified by comparing the calculated trajectory against the Roberts and Myers 

[18] wind tunnel data. The store translations and orientations were compared for a wing-mounted 

store release. Figure 11 through Figure 14 below compare the store trajectory calculated with the 

FastTraj methodology and digitised trajectory data by Roberts and Myers [18]. The store translational 

and angular displacement uncertainties in the AEDC wind tunnel data listed in  

Table 9 have been plotted. Figure 11 and Figure 12 show that the angular displacements are within 

the experimental data error band for the light store and correlate well with the trends and magnitude 

of the trajectory. However, there are notable deviations seen in the initial part of the trajectory up to a 

maximum of 12.5% and 10%, respectively, for the pitch and yaw orientation between 0.1-0.3 s for the 
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T-400 test case and a maximum deviation of 9.2% and 7.6% for the pitch and yaw angular 

displacements, respectively, between 0.1-0.3 s for the T-401 test case.  

Figure 11 and Figure 12 show that the calculated linear translations are largely within the experimental 

data error band and correlate well with the expected trajectory trends and magnitudes except for the 

axial and vertical translation in case T-400 and vertical translation in case T-401 which show a 

maximum deviation of 10%, 3% and 13%, respectively between 0.5-0.6s. The results for cases T-400 

and T-401 demonstrate that FastTraj can accurately predict store trajectories for release 

configurations where the light store dynamics are dominated by aerodynamic forces. As seen in 

Figure 11 and Figure 12, the angular displacements show that the store is more aerodynamically 

sensitive compared to the heavy store as shown in Figure 13 and Figure 14Figure 14. 

 

 
Figure 11 – Store translation and orientation relative to the store origin at the wing pylon station for 

the T-400 test case. 

 

Figure 12 – Store translation and orientation relative to the store origin at the wing pylon station for 
the T-401 test case. 

Figure 13 and Figure 14 show that the calculated linear translations for the heavy store are largely 

within the experimental data error band and correlate well with the expected trajectory trends and 

magnitudes from the reference data except for the axial translation in case T-405 which shows a 
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significant deviation compared to wind-tunnel data. The cause of this deviation is unknown and requires 

further investigation, however, it is inconsistent with the other case studies (T-400, T-401 and T-403) 

which show a maximum deviation of 10 % for the store axial translation. 

 Figure 13 andFigure 14 also show that the angular displacements are within the experimental data 

error band and correlate well with the observed trends and magnitude of the trajectory in the reference 

data. Compared to experimental result, the respective pitch and yaw orientations show a maximum 

deviation of 3.2% and 4.0%, for case T-403 and 4.0% and 9.2%, for case T-405. The results for cases 

T-403 and T-406 exhibit that FastTraj can be used to predict store trajectories for release configurations 

where the store inertial properties dominate its aerodynamics. As seen in Figure 13 and Figure 14, the 

angular displacements show that the store is less aerodynamically sensitive compared to the light store 

as shown in Figure 11 and Figure 12. 

 

 
Figure 13 – Store translation and orientation relative to the store origin at the wing pylon station for 

the T-403 test case. 

 
Figure 14 – Store translation and orientation relative to the store origin at the wing pylon station for 

the T-405 test case. 
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4. Discussion 

This section highlights the unique characteristics of the FastTraj methodology that allow for rapid and 

accurate estimation of store linear and angular displacements in the low subsonic flight regime. It has 

been mentioned in subsection 1.2, that for the low subsonic flight regime, the mutual influence that 

the aircraft and store exert on each other is small enough that the store release modelling can 

reasonably assume that their aerodynamics are decoupled. This allows for independent modelling of 

the aircraft and the store aerodynamics.  

4.1 Inviscid modelling of aircraft aerodynamics 

The assumption of inviscid compressible flow was made to speed-up the computation of the aircraft 

flow field. Compared to the transonic flow regime, the influence of the aircraft’s viscous boundary layer 

aerodynamics is limited to a narrow region on the aircraft in the low subsonic flow regime, and thus 

has a small effect on the store separation aerodynamics. Furthermore, the release position of the 

store is usually on a pylon outside of the aircraft viscous boundary layer, where the flow can be 

considered inviscid. Stores are normally released when the parent aircraft is not stalled, with attached 

airflow prevailing.   

A comparison of the flow field based on both viscous and inviscid models in Figure 15 and Figure 16 

shows their absolute difference in flow field speed. As expected, the largest difference, albeit 

negligible, occurs near the aircraft and close to the pylon (located between 9 and 10 𝑚 from the nose). 

It is based on this observation that it was considered plausible to use inviscid flow fields. 

 
Figure 15 – A comparison of the velocity components calculated using inviscid and viscous models.  
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Figure 16– Percentage difference between viscous and inviscid models of sampled flow field speed 

below the parent aircraft. Bubble diameter is proportional to the percent difference. 

4.2 Aerodynamics loads look-up table correction 

The 6-DOF model requires a store aerodynamics loads database as input to the store release 

calculation. This aerodynamic database can be obtained from any source, experimental or 

computational. In this case, Missile Datcom was used, however, a correction was required to match 

its data with a prediction by a high-fidelity CFD model. Missile Datcom software is capable of 

approximately calculating the aerodynamic trends of a store in isolation, however, it tends to 

overpredict and, in some instances, underpredict the magnitudes, affecting the slope of the 

aerodynamic curves. This leads to inaccurate predictions of the released store trajectory. This source 

of inaccuracy is overcome by an application of a linear correction factor to adjust the slopes to match 

high-fidelity CFD results. The correction effort only required a few flight maneuver points to be 

modeled in CFD as follows: 

1. 0 deg < α < 24 deg at 6 deg increments for an 𝛽 = 0. 

2. 0 deg < β < 24 deg at 6 deg increments for an 𝛼 = 0. 

Figure 17 and Figure 18 show the outcome of the correction process and Table 10 list the correction 
factors that were applied for the various aerodynamic coefficients. 

Table 10 – Store aerodynamic coefficient correction factor. 

Store aerodynamic coefficient 𝐶𝐴 𝐶𝑌 𝐶𝑁 𝐶𝑙 𝐶𝑚 𝐶𝑛 

Correction factor 1.1 0.85 0.85 1.0 0.85 0.85 
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Figure 17 – Missile Datcom store aerodynamic coefficient correction to match high-fidelity CFD model 

result for an Angle of Attack sweep and zero Angle of Sideslip. 

 
Figure 18 – Missile Datcom store aerodynamic coefficient correction to match high-fidelity CFD model 

result for an Angle of Sideslip sweep and zero Angle of Attack. 

Segmenting the aerodynamics look-up table is necessary as discussed in subsection 4.3. This 

process is performed using Missile Datcom, making this software an integral part of the FastTraj 

methodology. In general, any verified store aerodynamic model can be segmented with useful 

accuracy by making use of Missile Datcom. 

4.3 Segmented aerodynamics loads look-up table 

To capture the flow field influence on the store along its longitudinal axis, the store aerodynamics 

look-up table is segmented into three segments, viz., nose, mid and tail body, as discussed in 

subsection 2.2.1. This allows for an accurate representation of the store’s aerodynamic damping 

characteristics by the aerodynamics model; and Figure 19 and Figure 20 Figure 19 illustrates the 

effect of this modeling approach for the light and heavy store. The store linear displacements are 

comparable to the reference data and the FastTraj result based on the segmented aerodynamics 
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look-up table shown in Figure 11 and Figure 13Figure 13. However, Figure 19 and Figure 20 Figure 

19andFigure 20 also show that the store pitch angular displacement deviates significantly from the 

reference data and the FastTraj result based segmented aerodynamics look-up table. The yaw 

orientation result indicates different lateral characteristics for the T-400 test case, however, it is only 

marginally affected for the T-403 test case.  The differences between the trajectories of the segmented 

and non-segmented models show the importance of the method’s ability to capture the changes in 

the aircraft flow field along the length of the store. This result emphasises the need to segment the 

aerodynamics look-up table to better capture the store’s angular dynamics as the effect of the flow 

field variations along the length of the store are significant.   

 
Figure 19 – Store translation and orientation relative to the store origin at the wing pylon station for 

the T-400 test case based on the non-segmented aerodynamic look-up table. 

 
Figure 20 – Store translation and orientation relative to the store origin at the wing pylon station for 

the T-403 test case based on the non-segmented aerodynamic look-up table. 
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5. Conclusions 

The FastTraj subsonic store separation analysis method was described and demonstrated using a 

wind-tunnel test case. This method aims to maximise store separation analysis productivity while still 

producing accurate trajectories. Modern CFD models are quicker to set up from CAD models than 

legacy panel codes like ARUV. Using inviscid CFD in a decoupled manner is shown to produce good 

results proving that in many cases the computational expense of time accurate RANS analyses is not 

justified for subsonic store separation analyses. Inviscid CFD requires a smaller and simpler mesh 

and is significantly quicker to solve, enabling more separation scenarios to be studied. It was 

demonstrated that it is necessary for the store model to at least be segmented to capture flow field 

perturbations along the length of the store. The wind-tunnel test case did not include store 

aerodynamic damping effects and it is recommended that the use of segmented store models to 

capture aerodynamic damping effects in separation trajectories be investigated using suitable 

experimental data. 
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