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ABSTRACT
To understand 1D-3D CFD and 3D-1D CFD, we have reviewed the history of attempts at both loose and close 
coupling of 1D and 3D CFD codes, the motivations of engineers who did it, and the benefits to be gained from 
these complementary engineering simulation technologies. Not least, because the umbrella term ‘1D/3D’ covers a 
number of different possible implementations with their own pros and cons:  

1. 3D to 1D: The ability to loosely couple codes and augment 1D CFD component libraries with performance 
data gleaned from 3D CFD component simulations. 

2. Embedding 3D in 1D: A technique to capture the effects of 3D interactively in a 1D code.

3. 1D elements embedded within 3D: An example might be HVAC in a room modeled in 3D while the piping 
and water pump are modeled in 1D.  

4. General Multidimensional 1D-2D-3D co-simulation: In some situations, changing the nature of the solver in the 
areas of reduced dimensionality can substantially reduce model complexity, sensitivity and run times.  

5. 1D-3D Co-simulation: In which the 3D and 1D simulations interact during the course of the simulation and 
update their respective boundary conditions.  

This paper deals with the use of 3D CFD component simulations embedded inside a 1D thermo-fluid system 
simulation tool – so-called 3D-1D CFD – and a new workflow conception that we call “Simulation Based 
Characterization” (SBC) of such system components for added accuracy. We have implemented SBC inside the 
FloMASTER™ general purpose 1D thermo-fluid system simulation software with components modeled and 
characterized in the 3D CAD-embedded general purposed CFD package, FloEFD™. This implementation is ideal for 
quickly simulating 3D components and characterizing them using its automated robust SmartCells™ technology for 
real and complex geometries. By way of examples in the automotive industry, we will illustrate the workflow and 
accuracy benefits to be gained from SBC inside 1D CFD tools.

1.0 INTRODUCTION

                                                                                                     Figure 1: Typical Automotive 1D and 3D CFD Simulations
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Design engineers and analysts commonly use either 1D or 3D CFD software (Figure 1) for modeling thermo-fluid 
systems commonly found in the automotive, aerospace, oil & gas, process, power and energy industries; however, 
the attributes of each differ. For designing complex components (and systems), 3D CFD is extremely accurate but it 
can be computationally expensive, a simulation taking hours, days or even weeks to run depending on the size of 
the model being used. Conversely, 1D CFD is a faster solution approach taking seconds, minutes or hours to run, 
but it can require significant amounts of real-world test data to characterize the more complex 3D elements of the 
system accurately.  It also allows for rapid evaluation of “what if” scenarios for systems and system of systems 
(Jenkins, 2012). A typical 1D CFD design process is shown in Figure 2.

1D system level thermo-fluid simulation, often termed ‘1D CFD’, enables the thermal and hydrodynamic behavior of 
complex piping systems to be investigated. Unlike 3D CFD approaches to the solution of the Navier-Stokes and 
thermal energy equations, the computational efficiency of system level tools, such as Mentor Graphics’ 
FloMASTER™, allow for complete descriptions of entire arrangements to be considered, without the need to impose 
uncertain or unqualified localized boundary conditions. This is achieved by using thermo-fluid catalogues of 
components hydrodynamically representing items such as pipes, bends, valves, reservoirs, pumps, heat exchangers 
etc. 

It is also worth pointing out that commercial 1D CFD has had a parallel history (Miller, 2016) to 3D CFD with both 
beginning at about the same time 30-40 years ago. The key thing to remember is that even today the 1D systems 
simulation engineer is typically a very different type of engineer to the 3D CFD engineer, and frequently they work 
in different departments of the same company and have barriers between them in terms of workflows. Some 
companies do actually have engineers who can do both 1D and 3D CFD, and as such they will appreciate the 
benefits of the types of simulation:

Explore Di�ering
Scenarios &

Innovate

• Co-Simulate with
  3D CFD/CAE
• Identify key
  areas quickly
• Correct design
  issues early

                                                                                 Figure 2: 1D CFD Simulation throughout the Product Development Design Process
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i. The 1D Systems Simulation CFD Engineer will have a certain set of operating conditions he or she 
needs to virtually test their system under.  1D CFD codes are usually systems based and typically once a 
model is set up, many parametric studies can be done in seconds and minutes offering real-time or near 
real-time simulation. 1D CFD is used by analysts and engineers to design, validate, optimize and maintain 
complex fluid systems and even system-of-systems. 1D CFD simulations can involve 100s and 1000s of 
individual components and it is very strongly experimentally test based with data coming from published 
correlations and textbooks like those from the industry standards of Don Miller (2014) or Idelcik (2009), 
plus in-house measurements from user companies. 1D system simulation can be used throughout the 
product development process.

ii. The 3D CFD Analyst or Design Engineer is usually more component or sub-component simulation 
focused, but occasionally they may attempt to simulate full systems. Despite advances in geometry and 
meshing, and even with the advent of high performance computers, it is fair to say that 3D CFD takes 
hours, days and weeks sometimes just to do one simulation. So, it is at least one to two orders of 
magnitude slower in answering engineering questions about flow, heat and mass transfer than 1D. 3D 
CFD can be used throughout the product development process, but it has its biggest return on 
investment (RoI) in the early-design phase of product development. Still today we reckon that around 80% 
of all CFD in the world is not done at the front of the design process. The biggest bottleneck for CFD 
today is still in ‘pre-processing’, that is the creating or editing of geometries from CAD, and breaking up 
the physical space into mesh elements that can be solved by a 3D solver of the Navier-Stokes equations to 
yield useful fluid flow, heat and mass transfer predictions.

2.0 DESIGN-THROUGH-TO-MANUFACTURING SYSTEM “V” WORKFLOW  
AND 1D/3D CFD 

If we look at almost any industry that is manufacturing and developing products, the “V” Development Paradigm 
(see Figure 3) is widely used as a way to describe the process and the domains required to take the product from 
concept through to delivery and sometimes even through its lifecycle. The System “V” is designed to simplify the 
understanding of the complexity associated with developing systems. In 1D systems engineering it is used to 
define a uniform procedure for product or project development.

                                                                                            Figure 3: System “V” for Design through Manufacturing (Jenkins 2012)
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Figure 3 highlights the levels of abstraction in the System “V”, where in this power generation example, it can range 
from the whole of a power plant at one end to an individual gas turbine generator stator at the other. The System 
“V” implementation process goes from the concept on the top left to the logical definition down through the left 
hand arm of the “V” through physical design, and on through manufacturing at the various levels of form and 
complexity.  The left side of the “V” also represents the decomposition of product requirements and creation of 
system specifications, whereas the right side of the ”V” represents the integration of parts and their validation, i.e. 
the product’s realization. Generally, the fidelity of a system increases as you go deeper into the “V”. For example, 3D 
CFD sits at the bottom of the “V” at the “Element” or “Unit” level and 1D CFD at the top (see Figure 4 LHS). However, 
another way of looking at the “V” is to consider the left hand arm as the “Design” arm of product development and 
the right hand arm as the “Verification” arm (Jenkins, 2012). The highest value from characterizing a system or 
component is in the “Design” stage (LHS) with co-simulation (e.g. 1D-3D CFD) being done typically in the right 
hand “Verification” stage of manufacturing. Incidentally, most multi-physics co-simulation also usually occurs on the 
RHS of the “V”.

3.0 APPROACHES TO 1D AND 3D CFD SIMULATION CODE COUPLING
When we use the term ‘1D CFD’ we equate that to ‘1D thermo-fluid system simulation’ although we of course 
recognize that there are a vast array of 1D mechanical (and electronic and control) simulation tools covering 
multiple physics disciplines that are as diverse as FEA and MBD for instance. It’s also obviously a good idea to be 
clear about what we’re talking about up front when we refer to the umbrella term ‘1D3D’ as it covers a number of 
different possible implementations in the CFD Industry. In the context of this paper, we want to stick to 1D-3D fluid 
flow, heat and mass transfer systems and as such, we note the most obvious options for coupling 1D and 3D CFD 
tools today.

                                                                       Figure 4: System “V” and where 1D and 3D CFD fits with Characterization (Jenkins 2012) 
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1) 3D CFD INTO A 1D CFD CODE

This is a workflow aimed at providing users the ability to augment their 1D component libraries with performance 
data gleaned from 3D CFD simulations usually for non-standard component geometries.  De-coupling the two 
solutions means that the 1D solution isn’t beholden to the 3D solution time frame, a key benefit. Also, it is robust, 
and it is relatively simple to set up and troubleshoot.  

To do this workflow 1D boundary conditions, along with any desired outputs are sent over to the 3D CFD analyst/
designer. The 3D CFD design engineer will visit the 3D CAD model and set up the analysis.  3D parametric studies 
through the creation of a ‘design of experiment’ can encompass the required analysis. Once the study is completed, 
the results can be saved to file. This file has all of the necessary information to characterize the thermal and 
pressure drop behavior of the component in question which is necessary for the 1D analysis. This file can then be 
open directly in the 1D tool with no pre-processing necessary.  The file will create a new component that is saved 
in its relational database for use later.  This component can then be dropped into the system of interest to run the 
analysis.  The 1D systems engineer can then review the results and decide what changes could be required for the 
next stage of virtual prototyping, or present the results to start the process of physical prototyping.  A typical 
workflow is shown in Figure 5 for this 3D1D scenario.

                                                                 Figure 5: Typical 3D-1D CFD process in FloMASTER for Automotive Engine Thermal Management
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                                                                                                    Figure 6: FloMASTER Airside Visualization Segmenter (AVS)

2) EMBEDDING PSEUDO 3D CFD IN A 1D CFD CODE

This is a technique that captures some three dimensional effects simply inside a 1D code. FloMASTER uses this 
technique to capture the effects of blockage between heat exchangers in automotive cooling packs for instance.  It 
involves a fairly simplified approximation to a traditional 3D CFD solver. It nevertheless offered a means by which 
significant 3D effects can be conveniently and quickly captured in 1D.  The incarnation inside FloMASTER (Figure 6) 
extends the applicability of 1D CFD to systems where the packaging of heat exchangers results in overlap, however 
the 3D results are still approximations. This capability segments each heat exchanger so that it constructs (behind 
the scenes) a FloMASTER 1D network which captures the effects of each segment, their geometrical extent, and the 
correct hot and cold side fluid paths through them. 

1) The network schematic as built                                    2) Cooling pack arrangement in 3D            3) Extent of blockage of radiator 

6) Results, illustrating segmentation effects          5) AVS interpretation of segmentation                   4) Segmentation of radiator
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3) 1D CFD ELEMENTS EMBEDDED WITHIN 3D CFD CODES 

It is arguable that most CFD codes have elements of 1D and 2D within them today, for instance in the treatment of 
porous media cells. In the context of 3D CFD solvers, a typical example for this might be a simulation of two rooms, 
each with a heating system consisting of hot water circulating through radiators. The radiators and the rooms can 
be modeled fully in 3D while the piping and circulating water pump could be modeled in 1D.  This is very rarely 
done today because a CFD solver would have to solve this “one simulation” and would have to be able to deal with 
the various dimensional physics matrices involved.  COMSOL does offer a ‘Pipe Flow Module’ (COMSOL, 2017) that 
uses this approach and its benefit is in speed to solution in a relatively coarse 3D mesh for a CFD solver.

If this capability could be done effectively inside a general purpose 3D CFD code it could allow for large physical 
geometrical domains (say a factory or data center) to be modeled partially with large mesh cells and in other areas 
small detailed features (like pipework) could be dealt with in a computationally efficient (and therefore fast) way in 
1D. This variant of 1D-3D CFD is similar in many respects with another significant market need; 3D CAD elements 
(pipes and ducts) being quickly reduced to 1D system simulation components and then solved in 1D CFD. Many 
users want to reduce or remove the manual overhead required to go from 3D CAD representations to a simulation 
of the components in 1D thermo-fluid systems rapidly. 

4) GENERAL MULTI-DIMENSIONAL 1D-2D-3D CO-SIMULATION CFD

Consider fluid flowing past a sphere before it enters a series of narrow tall channels and exits again into a larger 
volume.  The most important features in this flow will be in three dimensions (over and past the sphere), two 
dimensions (in the channels) and finally three dimensions again as the fluid expands into the larger plenum.  Real 
world examples of systems which exhibit such characteristics are things like novel aero-engine intakes and nozzles 
(Moriz et al, 2005), some areas of diesel injection, and piping systems with intermediate volumes, plenums or 
mixers.  In these situations, changing the nature of the solver in the areas of reduced dimensionality (Figure 7) 
could substantially reduce model complexity, sensitivity and run times.  However, establishing the correct boundary 
conditions and information transfer at the boundaries could be a complex operation. The bottom line is that in 
some industries (e.g. gas turbines), simplifying parts of the flow domain to 2D or 1D and coupling with 3D 
predictions helps to produce fast, relatively accurate representations of complex systems.

                                                                        Figure 7: A Typical Two Dimensional CFD Flow Simulation Scenario (thin channels)  
                                                                        that could be dealt with as a 2D domain region in 3D CFD
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5) 1D-3D CO-SIMULATION CFD

This is the option in which the 1D and 3D CFD simulations interact during the course of the simulation and update 
their respective boundary conditions one after the other.  It is by far the largest 1D-3D flow simulation situation 
type being used in industry today – we estimate perhaps 75% of all 1D-3D flow simulations today.  1D-3D 
co-simulation is the coupling between a scalar value from the 1D CFD model and a surface boundary from the 3D 
CFD model. Such an interaction has the potential to provide greater fidelity for a range of applications in 1D, but 
does make for a slower and more delicate solver methodology. This effect is sometimes called the “tick-tock” of 
co-simulation where the overall simulation time is very dependent on the slowest solver in the coupling – usually 
the 3D CFD code. A classic example of co-simulation is shown in Figure 8 where Flowmaster V7 was connected to 
the FLUENT 3D CFD solver for a “Y” shaped 3-arm junction. 

We note that there are several benefits to be derived from this 1D-3D co-simulation CFD approach:

i. Improved boundary conditions for 3D CFD simulations from 1D CFD,

ii. Better representation of complex 3D components for 1D CFD, and

iii. Ability to uncover unexpected interactions between components and systems.

There are several reasons for this 1D-3D co-simulation approach not working, or working poorly, that are 
consistently reported in the open literature:

i. Difficulties in pre-processing, that is setting up geometries and meshing (in 3D CFD), 

ii. Difficulties in obtaining a useful solution because of long solution times relative to industrial needs,

iii. Large computational efforts required to generate design spaces for 3D components such that high-end 
CPU resource and high performance computers are required,

iv. For a specific flow system or network, significant code configuration and customization is usually required 
in one or both pieces of software, and

v. The concept of 1D-3D co-simulation also has challenges for software providers.  With different software 
packages updating their boundaries at different intervals it can be a large burden to maintain any 
commercial linking software.

1D Model
CFD connection
flow boundary

1D Model
CFD connection
flow boundary

1D Model
CFD connection
pressure boundary

                                                                     Figure 8: 1D-3D CFD (Flowmaster V7 and FLUENT) co-simulation for a 3-Arm Junction           
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The Fraunhofer Institute in Germany has offered commercial “MpCCI” Multiphysics CAE middleware that will couple 
most 1D and 3D CFD codes for the last 10 years and it yields a useful functionality for industry to employ 
(Fraunhofer, 2017). 1D-3D CFD co-simulation is clearly a tantalizing technology that has, to date, not delivered as 
much value to prospective users as they would have liked (see Figure 9 from Kelsall et al., 2009).  However, we do 
note more and more published papers in this area over the last 15 years suggested an underlying market need. 
Demand for such products is highest in the Automotive and Aerospace sectors in our experience but, extensive 
actual usage seems to be limited to select groups and researchers and is often conducted by, or in conjunction 
with, academic institutions. 

                                                                        Figure 9: 1D-3D CFD Co-Simulation (Flowmaster and FLUENT) for an Aircraft Cabin    

Flowmaster V7: ECS System

Fluent: 3D CFD Cabin Model

Paper 2009-01-3264
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4.0 SURVEY OF PUBLISHED INDUSTRIAL AND ACADEMIC 1D-3D CFD PAPERS
The dominant method of integrating 1D and 3D CFD considered in most published papers in the open literature is 
co-simulation whereby boundary conditions from one solver update the boundary conditions of its partner which 
in turn feeds back to the original solver in a circular fashion.  This loop continues until convergence is achieved. We 
have reviewed a wide body of work on connecting 1D and 3D CFD tools and a number of interesting points 
emerge for the more industrially focused applications:

 ■ The Aerospace & Turbomachinery sector has historically been a pioneer of 1D and 3D CFD, not least 
because of its OEM in-house codes in the turbomachinery sector in particular dating back to the 1970s. 
Commercial applications have been reported in the literature too, e.g. Moriz et al (2005) and Wang et al (2013) 
related to turbomachinery. In the aerospace general application field there’s been considerable interest in 
aircraft cabin ECS systems, e.g. Chen et al (2015) and Kelsall et al (2009), lubrication systems and avionics 
cooling (Johnson, 2001).

 ■ The Automotive sector and its academic partners dominate the published literature in this field. Looking 
across a range of commercial 1D and 3D CFD tools shows that those aimed at the automotive industry feel it’s 
a “must have” option even if it’s not that widely adopted.  Chang et al. (2007) noted a genuine design and 
production issue at Caterpillar in the US relating to under-hood ventilation.  1D-3D CFD was proposed as a 
solution that could provide input early enough in the design process to de-risk the project significantly. 
Although the work demonstrated that solutions of ‘reasonable’ accuracy were achieved, the work was 
discontinued after the delivery of the report due to their focus shifting to 3D aerodynamics instead 
suggesting that 1D-3D was not as valuable. Other examples are Garcia-Oliver (2011), Nomura et al (2014), 
Marcer et al (2010), Uppuluri et al (2013), Park (2014) and Karthikeyan et al (2011).

 ■ The Process & Power sector shows some evidence of interest in a link between 1D multi-phase, multi-
component tools and a 3D CFD solver to provide a ‘magnifying glass’ for particular points in the network.  
However, this doesn’t seem to be any more ‘productionized’ than 1D-3D tools targeted at automotive users.  
As for the rest of the process sector, neither the cheaper codes, nor the de facto industry standard process 
simulation tool, HYSYS, appear to link to any 3D CFD tool. Within plant and process, the trend is more towards 
specialist fluid or chemical models: settling slurries, multi-component/multi-phase flows, or chemistry. One 
final exception relates to another specialist area. Deltares in the Netherlands are addressing the complexities 
of modeling river basins and river deltas by allowing users to tailor their 1D-3D solution as appropriate to the 
local region.  See for example Twigt et al (2009), Ruther et al (2010), and Holler et al (2016) for other process 
industry 1D-3D implementations.

Many of these published 1D-3D papers show comparisons with experiment, but very few of them demonstrate 
how the simulations compare with a 1D simulation on its own.  Where results are presented, the improvements 
aren’t always dramatic, and only in two cases, Park et al (2013) and Twigt et al (2009), is it suggested that 
co-simulation is the only route to obtain a reasonable solution.  However, both of these studies use specialized 
in-house – or at least industry specific – codes. Montenegro (2007) notes the importance of having access to the 
source code of both tools.  This provides an advantage to a vendor of both 1D and 3D CFD tools who wants to 
undertake this type of co-simulation.  

All the cited papers are aimed at either proving the concept of 1D-3D co-simulation for a particular application or 
for giving an overview of the concept.  The predominance of Journal Articles and Conference Papers in the list 
tends to favor new and innovative methods over methods or tools that are considered proven and industry 
standard.  However, it is significant that in the time range covered here (2000-2016) 1D-3D CFD still appears to be 
mostly in the “proof-of-concept” phase.  In fact, Yu et al (2010) state quite clearly that co-simulation was too high an 
overhead to pay for their day-to-day work benefits.  They concluded that separate 3D CFD simulation has merit in 
helping improve 1D CFD simulation and their method provided airflow data to a vehicular cooling pack.  They go 
on to use a tool similar in principle to Airside Visualisation Segmenter (AVS) above, ie. pseudo 3D-1D. ANSYS 
Workbench is another example of an approach to providing a multi-domain physics capability, plus the acquisition 
of CYDesign Labs by Dassault of ESI in 2013 and ITI in 2016 provides a good indication of this wider trend in 1D-3D 
virtual prototyping. And Siemens PLM’s acquisition of CD Adapco in 2016 with its existing LMS stable of 1D 
products points to 1D-3D CFD in its Simcenter product.
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Although there are numerous possible ways of interpreting 1D-3D CFD, the market has a very particular view of it 
today, and that is of ‘co-simulation’, where information is passed between the two codes via their boundary 
conditions in a ‘tick-tock’ manner until a converged solution is obtained. The issues associated with 1D-3D CFD 
co-simulation are well understood and consistent from a range of sources. Different 1D and 3D CFD user personas 
operate often in different departments; different development structures can be out of step with one another, 
which in turn implies a potentially disjointed workflow; there are niche user bases, and limited project scope for 
1D-3D CFD. However, despite all this, there still appears to be most interest from the automotive sector. 

5.0 3D-1D CFD – ‘SIMULATION BASED CHARACTERIZATION’ (SBC)
At Mentor Graphics we have implemented a variant of 3D-1D CFD simulation (Mentor Graphics, 2017) which we 
believe addresses key needs of 1D systems engineers to get accurate 3D CFD data as rapidly as possible to fit in 
with their 1D workflows.  We have coupled a CAD-embedded CFD workflow (FloEFD™) natively inside a 1D CFD 
code (FloMASTER™) to do “simulation based characterization” of 3D components. This permits the perennial ‘n-arm 
junction’ issue that 1D CFD codes struggle with to be dealt with, that is, if there are many possibilities of where 
flows can go through a complex many-armed junction; how does the 1D code resolve it? 

5.1 HYDRODYNAMIC RESPONSE SURFACE MODELING
A hydrodynamic characterization of a multi arm component (e.g. Figure 10) is incredibly difficult to do in 1D CFD 
tools because it requires the relationship between the pressure drop (between an arm and a reference arm) and 
the mass flow rate in all non-reference arms to be determined.

                                                                    Figure 10: Pressure Drop as a Function of Flow Rates in a non-standard 3-Arm Junction



1D-3D CFD and 3D-1D CFD: Simulation Based Characterization 

w w w. m ento r.co m
13 [22]

These hydrodynamic relationships need to be determined within user specified ranges. For each non-reference 
arm, first a lower and upper bound of either pressure or flow rate is fixed depending on what type of boundary 
condition is set at those faces in 3D CFD – see Figure 11.

A user-specified number of computational ‘experiments’ is then automatically defined using a ‘Design of 
Experiments’ approach. Random, but equally distributed, combinations of the flow rates of the two inlets are 
distributed throughout the characterization space (Figure 12).

                                                                         Figure 11:  Lower- and Upper-Bound Characterization Extents for the 3-Arm Junction

                                                                        Figure 12: Design of Experiments Characterization Space Distribution for 3-Arm Junction
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The computational ‘experiments’ are then simulated inside FloEFD. To remove the dependency on the fluid used 
for the characterization from the fluid that will be used for the FloMASTER simulation, both pressure drops and 
mass flow rates are automatically extracted and made dimensionless, the equivalents to pressure loss coefficients 
and Reynolds numbers respectively (Figure 13). 

To relate the dimensionless pressure drops to the dimensionless mass flow rates, response surface technology is 
employed. A response surface is an N-dimensional mathematical ‘surface’ that relates an output (in this case 
dimensionless pressure drop) to multiple inputs (in this case dimensionless mass flows). For every non-reference 
arm a response surface is created. In this example each response surface is a two dimensional surface but the 
dimensionality would scale with the number of arms. (1)

The response surfaces themselves are models that describe the hydrodynamic behavior of the multi arm geometry. 
They are then exported from FloEFD to the underlying file system as a Functional Mock-Up (FMU) adhering to the 
FMI (Functional Mock-Up Interface) standard, but augmented to also include additional information that will be 
utilized by FloMASTER, such as the area of each arm, and a 3D representation of the geometry that can be 
visualized in FloMASTER to assist in the correct connections being made to the circuit into which it will be placed.

                                                                           Figure 13: Dimensionless Pressure Drops and Mass Flow Rates for 3-Arm Junction

                                       (1) Dimensionless mass flow values differ from Reynolds numbers due to the negative/positive sign notation used to indicate incoming or outgoing flow  
                                       direction. Dimensionless pressure drops differ from pressure loss coefficients due to the use of a total mass inflow into all arms used instead of the flow  
                                       through an individual pair of arms

                                                                                            Figure 14: FloMASTER Response Surface Models for 3-Arm Junction
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                                                      Figure15: FloMASTER N-Arm Component with Boundary Conditions Equivalent to those used for  
                                                      Characterization of the 3-Arm Junction

5.2 THERMAL RESPONSE SURFACE MODELING
To characterize the thermal behavior of this 3-arm geometry, additional degrees of freedom have to be defined to 
extend the characterization space. Specifically, lower and upper bounds of incoming fluid temperature are defined, 
in addition to the flow or pressure ranges. The intention being to create additional response surfaces that enable 
fluid temperatures leaving the geometry to be predicted by FloMASTER. To do this the differences in total enthalpy 
between an arm and the reference arm are extracted by FloEFD and response surfaces created for each one.

                                                                    Figure 16: Total Enthalpy Difference Response Surface Formulation for 3-Arm Junction
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If there is any other heat added or extracted to, or from, the fluid as part of the FloEFD model definition, this net 
heat flow is also included in the characterization via its own response surface as:

The net heat flow may not be constant if fixed temperature boundary conditions are used in the 3D CFD simulation 
(as opposed to a fixed heat flow boundary condition).

6.0 REAL-WORLD AUTOMOTIVE EXAMPLES OF SBC IN 3D-1D CFD
By way of two examples from the automotive sector, we will illustrate the SBC approach to 3D-1D CFD: 

1) ENGINE COOLING APPLICATION OF A 4-ARM THERMOSTAT

Automotive thermostats control the combining of flow from a number of cooling circuits in the engine, ensuring 
the temperature of the cooling fluid entering the engine block is kept to within specified limits. When modeling 
multi-arm junctions such as automotive thermostats and pump housings, characterizing individual flow paths as 
parallel and independent losses can typically give rise to 15 to 20% errors in predicting mass flow rates through an 
outlet in 1D CFD. This error can be eradicated by considering the effect of changes in branch pressure drops with 
changing flow rates in the other branches. Using FloEFD to perform full spectrum 3D CFD characterization of the 
housing, and integrating inter-dependent flow channel interactions into a FloMASTER N-Arm component, improves 
system simulation accuracy, and increases confidence and trust, thus reducing physical testing times substantially 
and ultimately the manufacturer’s product time-to-market.

The 3D flow patterns that occur at the junction of these return circuits (Figure 17) give rise to a complex 
relationship between the flow rates and loss coefficients between the arms. The topological simplicity of historical 
1D FloMASTER component types limit how well they may be combined to represent such a complex flow 
geometry. Commonly, discrete losses are typically used to represent individual pairs of arms, but do not allow for 
the interaction of the effect on pressure drop that the differing flow rates in all of the arms have in reality, e.g. 
Venturi effects.  Applying the 3D CFD simulation based characterization workflow to this application results in 
increased accuracy of automotive engine cooling circuit simulations.

, , ,Net heat flow f m m dHo dHo1 2 ref ref1 2= - -o o^ h

Figure 17: 4-Arm Automotive Thermostat 
Geometry (sectioned for clarity) and associated 
complex 3 dimensional Flow Patterns
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The thermostat in this example was characterized with the valve in the fully open position, allowing for no bypass, 
reducing as far as possible the coolant fluid temperature entering the engine. Special attention is applied to the 
characterization extents. And to ensure ‘in range’ operation of the N-Arm component in FloMASTER, the lower and 
upper bounds of the flow rate extents of all non-reference arms were selected so as to ensure they cover all 
potential flow rates that may be experienced in-situ.

Once the thermostat is hydrodynamically characterized, it can be added to the model in the same manner as any 
other FloMASTER component.  Below is a model of an engine cooling loop that includes the water pump, engine, 
radiator, gear oil cooler, motor oil cooler, and heat core for the cabin.  Given the fully open nature of the thermostat 
during characterization, it is connected to allow in-flow from the radiator, gear oil cooler, and the combined motor 
oil and heater core flows, thermally mixing before being pumped to the engine. The engine is modeled using the 
standard FloMASTER engine component, with a heat duty of 33kW (Figure 18).

Flow rates through the 4 arms were also simulated. Although just a hydrodynamic characterization was considered, 
since the thermostat has just one outlet (to the pump) a fully thermally mixed assumption is valid. Engine inlet and 
outlet coolant temperatures were 65.2°C and 69.8°C respectively.

                                                                                     Figure 18: 4-Arm Thermostat in a FloMASTER Automotive Cooling Model
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2) AUTOMOTIVE ENGINE BLOCK AND CYLINDER HEAD

The engine component in this example of a circuit model is characterized in terms of an overall pressure loss 
coefficient and heat rejection into the cooling circuit (Figure 19). This representation is replaced with a FloEFD 
hydrodynamic and thermal characterized 2-Arm model. A FloEFD 3D CFD model first defines fixed temperature 
boundaries on the coolant side faces of the cooling channel through the engine block and cylinder head. To set 
worst case conditions, a temperature of 300°C is set on the faces around the cylinders, with 200°C set on all other 
faces. 

                                                    Figure 19: 2-Arm Automotive Engine Block and Cylinder Head Geometry; Flow and Temperature Patterns
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Such temperature boundary conditions represent a thermo-mechanical failure limit, i.e. the engine working at its 
maximum capability from a thermal reliability perspective. FloMASTER cooling circuit simulations can then be used 
to size various components in the circuit (Figure 20) so as to ensure that the coolant temperature exiting the 
engine is below a temperature that could lead to damage to the engine, in this case assumed to be 110°C.

By resizing the motor cooling heat exchanger (the radiator) to have an area of 0.4 m2 and a heat transfer coefficient 
of 2,800 W/m2K the coolant temperature exiting the engine was maintained within limits at 106°C. The simulated 
heat duty of the engine under such coolant flow rate, inlet temperature and thermal limiting conditions was 193 
kW.

7.0 SUMMARY AND CONCLUSIONS
In this paper we have outlined the history and the pros and cons of different forms of 1D-3D and 3D-1D CFD 
approaches. There is a demand for easy-to-use and coupled fast 1D-3D simulation tools, especially in the 
automotive and aerospace markets. Commercial solutions available today are usually lacking in native code 
coupling or reliant on difficult solver couplings either closely or loosely.

                                                                                           Figure 20: 2-Arm Engine in a FloMASTER Automotive Cooling Model
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A 3D-1D ‘simulation based characterization’ CFD  workflow has been outlined that offers the opportunity to apply 
the strengths of 3D CFD simulation (via a fast CAD-embedded CFD code, FloEFD™) to model difficult multi-arm 
geometries in system simulations (inside FloMASTER™) in 1D. Although alternative co-simulation based 1D-3D 
approaches are possible, this model-based design approach trades the time taken to characterize a geometry 
against the rapidity by which multiple 1D sizing simulations may be performed. Errors associated with the 
assumptions that have to be made when using existing 1D CFD component types to represent such applications 
are removed and accuracy savings of up to 20% can be demonstrated. This leads to higher fidelity 1D CFD solutions 
that are achievable in industrially relevant design timescales.   This is therefore a significant step we believe in the 
direction of the “holy grail” for 1D systems analysts and engineers: real-time 1D-3D CFD system-of-systems 
simulation.
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