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Abstract 

The Cal Poly Pomona Formula SAE 

team (Bronco Motorsports) is a student design 

team that designs and builds an open wheel, 

formula-style race car for international 

competitions held by the Society of Automotive 

Engineers (SAE). The purpose of this project is 

to use data collected through physical testing, 

analytical calculations, and computer simulation 

to design and manufacture a cooling system 

capable of reliably rejecting enough heat from 

the engine to maintain operating temperatures while minimizing weight, drag, and loss of 

downforce. This paper will discuss the process involved in designing the ducting and radiator 

along with the justifications behind the selection of the system’s new radiator fan motors, oil 

cooler, and materials. Additionally, the project will provide an in-depth overview of 

manufacturing techniques and on-track testing leading up to 2024 competition and during 

competition as well.  

BM 24 Full Vehicle Objectives  

After the suffering of a mechanical DNF in our 2023 Michigan Competition, reliability 

and serviceability have been a main concern for future competition. We struggled with cooling, 

shifting, and electrical problems leading up to the competition, and because of this, our testing 

time was reduced. This year we started with top-down vehicle goals regarding weight, power, 

downforce, and Tire Sensitivity analysis, to understand how certain changes can affect lap time 

for all 4 different dynamic events at our specific competition. With that being said, taking these 

lessons learned, and further development of the car in terms of reliability, without sacrificing 

innovation towards performance has been a fine line; however, a line that has guided our design 

for the 2024 Car.   

Purpose of Subsystem 

The cooling system is designed to 

maintain a targeted temperature range of 

our engine by way of rejecting the engine-

generated heat energy to ambient air.  

Without a way of cooling our engine, 

overheating would occur, components 

would go out of tolerance due to thermal-

expansion, and a snowball effect would 

render the car in need of much repair in 

several subsystems.  Exclusive to our 

internal combustion engine, this process is 

done through water-cooling.   
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FSAE 2024 Rules 
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Background and Theory 
 

To properly design an FSAE Cooling System, or any closed-loop fluid cooling system 

for that matter, a robust understanding of thermodynamics, heat transfer, and fluid mechanics 

is necessary.   

The First Law of Thermodynamics 

 
 

 

The fact of the matter is that when we analyze this cooling system, it needs to be 

understood how the energy (in the form of heat) changes throughout the process of not only 

cooling but simply driving the car.  Think of it like this:  With a racecar, energy begins in the 

form of chemical energy (fuel) and combusts into a flame inside a pressurized cylinder.  From 

here, energy gets split into three directions (hot coolant, mechanical work, and exhaust gases)  A 

portion of energy is absorbed by the aluminum head/block and into the liquid coolant.  A second 

portion goes into the crank and drivetrain itself in the form of mechanical work.  The final 

portion of energy exits the vehicle in the form of hot exhaust gases.   

 

 

 

*Energy is conserved.  It may change form 
but cannot be created or destroyed. 
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This diagram conveys the transfer of heat from the engine and through the heat exchanger and 

water pumps.  One note to make is the actual removal of the mechanical pump in our system to 

increase flow rate.  I’ll touch more on this later on. 
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The fluid mechanics of internal pipe flow 

 Being able to understand the fluid’s Reynolds Number at any point in the system is 

crucial in deriving the radiator’s ability to reject heat as a function of time, mass flow rate, fluid 

properties, and many more variables.  Fundamentally, the Reynolds Number (Re) is the ratio of a 

fluid’s inertial effects over its viscous effects.  This dimensionless number will dictate which 

heat transfer formulas we use to set targets later on.   

 
 

 
 
 

Other concepts to understand: 

• Major and Minor losses 

 

Major losses, also known as frictional losses, 

are the primary consequences of pressure 

drop across a pipe and ultimately the mass 

flow rate of the fluid itself as well 
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• Pump performance characteristics 

o Refer to Professor Nissenson’s notes on the next page 

• Fan performance characteristics 

o  

 

• Bernoulli’s Equation 

o Pressure increases as velocity decreases and vice versa. 

 

 

 

The three modes of heat transfer for internal pipe flow and heat exchangers 

1. Conduction 

a. Fourier’s Law  
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2. Convection 

a. This year’s cooling system will feature a convection-based design as convection 

is the most controllable mode of heat transfer from a feasible design perspective.  

3. Radiation 

𝒒 = 𝜺𝝈𝑨𝑻𝑺
𝟒 

 

Application to the vehicle dynamic challenge posed by racing 

 One potentially overlooked factor when designing this cooling system is how much it 

will weigh and how it will be mounted/oriented onto the racecar.  The whole goal of a racecar in 

Formula SAE is to put down fast lap times in a variety of events at competition.  In order to do 

this, we need to understand how the placement & weight of our cooling system will affect the 

vehicle’s center of gravity, yaw inertia, and mechanical grip at the tire.  Finding a balance 

between physical weight, radiator orientation, and heat rejection effectiveness is the name of the 

game for you, the engineer.  Take a look at these slides from an OptimumG seminar on vehicle 

dynamics on the next page. 

Key Takeaways 

1. Mass flow rate of either fluid is directly proportional to heat transfer rate and convection 

coefficient 

2. Convection is the best method for heat transfer 

3. Turbulent flow (without recirculation) is ideal in facilitating heat transfer (greater energy 

input) 

4. One of the more important concepts I needed to learn was how any closed loop fluid 

system innately operates within a system curve dictated by the geometry of the piping, 

engine, and heat exchanger itself.  Regardless of how well the pump can flow, it is 

constrained to the system curve it works within.  Taking a look at a pump performance 

curve, you have the pump curve and system curve.  The point at which these curves 

intersect is the system’s operating point.    

𝑄̇𝑐𝑜𝑛𝑣 = 𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝐻𝑒𝑎𝑡 𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑅𝑎𝑡𝑒 

𝑚̇ = 𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 

𝐶𝑝 = 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 ℎ𝑒𝑎𝑡 @ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 

∆𝑇 = 𝑇𝑒𝑚𝑝ℎ𝑜𝑡 − 𝑇𝑒𝑚𝑝𝑐𝑜𝑙𝑑 
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Historical Accord  

• 2012 | TBD 

 

 

 

 

• 2015 | Michael Curtis 

 

 

 

 

 

 

• 2017 | Michael Curtis 

 

 

 

• 2019 | Owen Wilkening 

 

 

 

 

 

• 2022 | Logan Datin 

 

 

 

 

 

 

 

• 2023 | Isaac Haynes 

  

https://livecsupomona-my.sharepoint.com/:f:/g/personal/amar_cpp_edu/Eo_okbVuzq5Mjm_IW7AP6SUBPSFBQ7SdHCyPF_KwlVvX6Q?e=qI9Krr
https://livecsupomona-my.sharepoint.com/:w:/g/personal/amritasnehar_cpp_edu/ES6b2kzPnVFLnx-MrqKTJNEBrL_VYE90VTNcnJlCxpYP1Q?e=5P8Y7D
https://livecsupomona-my.sharepoint.com/:p:/g/personal/amar_cpp_edu/EcweiNfVbSRMiBrwEHMRBX0BqczZPykT4nNtmDc5BSkzIg?e=Z8cRES
https://livecsupomona-my.sharepoint.com/:p:/g/personal/amar_cpp_edu/EW92tn3t_tJKg4FfeZKxI5kB7U2HEeC0IVS0uUCotx3WMQ?e=IFV1Yq
https://livecsupomona-my.sharepoint.com/:p:/g/personal/mpsevilla_cpp_edu/EaQA5rNEJwBDso-Al_-Bf5oB5sgkS69m0F99XldAk1UqYA?e=MsybuR
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Design Procedure 
 

Now that we’ve reviewed the basics, let’s use these tools given to us to design our cooling 

system! 

1. Start with identifying your design goals and constraints. 

 

2. Then go into calculating required heat load from existing MoTeC data 

a. For our purposes, I set the minimum required heat load as 15kW which assumes 

an even energy split from the 62hp of max power input from the engine.  This 

would be a worst-case scenario and allows for an FOS regarding the radiator’s 

effectiveness itself.  Basically, it’ll reject much more than that in practice, but 

from a pure design standpoint, this is minimum of what the cooling system needs 

to reject as max engine load.   

 

3. Analyze water convection (internal pipe, turb, fully-dev, constant q”), aluminum 

conduction, and air convection (flat plate, turb, avg) 

a. Using a textbook known as “Fundamentals of Heat and Mass Transfer” you can 

apply a few theoretical formulas to get within the ball park of what the systems 

sees on track but that is really all they are good for.  Stick to the Q=mcat and 

Q=UAdt_lm formulas shown below.  They’re as simple as it gets but when it 

comes to successfully implementing the targets derived from them, on-track 

testing data reigns king. 
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4. Analyze air flow into the sidepod based on pitot tube data or avg vehicle speed via 1st 

Law of Thermodynamics.  Communicate this air mass flow requirement to aero team. 
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5. Determine the required Overall Heat Transfer Coefficient of the heat exchanger. 

6. Determine the Log Mean Temperature Difference with latest temperature data from 2024 

Spring testing. 

7. Final Outcome: 

a. We obtain a target radiator core size that equates to a calculated average heat 

rejection rate across 1 endurance event. 

 

 

General Talking Points about this Cooling System 

• System has seen a 35% reduction in weight. 

• A fully ducted 3-ply carbon fiber inlet, shroud, & outlet is a new addition that is intended 

to increase air mass flow through the core without allowing pockets of recirculation (a 

characteristic of last year’s cooling-sidepod system). 

• An electric water pump has been added to assist water flow rate at low RPMs on track.  

The mechanical pump has also been removed to prevent pump starvation since the two 

pumps (routed in series) would always be running at different RPMs.  They’d always be 

working against each other thus reducing the net mass flow of water.   

• Radiator size has decreased whilst maintaining a targeted heat rejection rate 

• Two small fans (5.2in OD) are being used instead of one (10in OD) fan which saves 

weight and allows air to be channeled through core more efficiently with greater fan area 

• A custom-made venturi meter has been installed into the system to accurately track water 

flow rate on-track and allow the derivation of several key parameters (heat rate, pressure 

drop, flow rate curves vs RPM, thermal efficiency)  
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Design Revisions 
 

24-01 – Fall 2023 

 

 Let’s start with the first initial concept (24-01) and make our way down to our final 

product (24-22).  24-01 began with a very promising dual radiator configuration.  Featuring two 

12”x6”x1.5” radiator core in both sidepods, the intent was to allow for greater vehicle balance, 

minimize airflow starvation (by allowing one side to always be seeing air supply).   
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24-10 
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24-17 
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24-19 
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24-21 – Critical Design Review | October 2023 
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 Final CAD Model | 24-22 
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Cooling System housed within side-pod 
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 24-22 Full Vehicle Model 
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Simulations 

 

 

 

 

 

 

When designing these ducts, it is important to design for minimal 

pressure drop across the inlet.  To achieve this, the inlet must diverge 

(open up) thus causing the inlet profile of the sidepod to be less than 

the frontal area of the radiator.  This should only be a slight 

divergence as to not promote flow separation and recirculation 

before air enters the core.  This is the primary reason for the splined 

guide curves between each profile.  Air speed slightly increases, 

pressure drop is avoided, and flow recirculation is prevented with a 

fully ducted system.  At the end of the day, it’s the pressure 

difference across the core that drives mass flow and heat rejection.   
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Manufacturing 
 

Total Spent: $1394.76  

(Don’t spend more than this, but this should be how much you use to dictate spending when crunch time 

rolls around) 
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Full Duct Assembly before final trimming 
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Inlet Duct with black 

foam media to 

prevent rocks from 

entering core whilst 

maintaining sufficient 

airflow 
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Outlet Duct with cutouts to allow for Oil Cooler fitment and flush sidepod mounting 
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Testing 
 

Data Acquisitions Items Required? -> 2 temp sensors, 2 pressure sensors, Thermistors for air 

temps in/out, could we get pitot tubes for inlet/outlet of sidepods? 

1. Obtain on-track motec data of inlet/outlet air temps and water temps to validate 

heat rejection rate target 

a. Output graphs in Excel, MATLAB, or MoTeC i2Pro and compare with 

existing theoretical data (ask me for my MoTeC workspace) 

2. Vary parameters such as EWP on/off and fans on/off to look at their effects on 

cooling performance.  With and without ducting as well. 

3. How do the temperature deltas look as a function of RPM and Mass Flow Rate 

Finally, apply the same testing analysis to Competition MoTeC data which will hopefully get 

added to this Design Binder on the next few pages 

 

Ultimately we need ON-CAR DELIVERABLES to derive performance correlations. 

1. Inlet 

a. Pressure 

b. Temperature 

c. Air flow rate 

d. Water flow rate 

2. Outlet 

a. Pressure 

b. Temperature 

c. Air flow rate 

d. Water flow rate 

3. Total Pressure Drop (Use of Pitot tubes) 

a. With fans 

b. Without fans 
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Cooling Test 1 – 3/23/34 – CONTROL: FAN + EWP RUNNING, 5 min driving + 1min idle 

 

Cooling Test 1 – 3/23/34 – FAN + EWP OFF, 5 min driving + 1min idle   
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Venturimeter Testing – Spring Break 

 

Notice how mass flow rate peaks out at 7000RPM.  You would think it’d be linear with 

engine RPM, but it is not.  The pumps reach a best efficiency point at 7000RPM then drop off 

due to the system curve.  It is important to note that this is with both the mechanical and electric 

pumps running.  I’d be very curious to run the venturi meter and see how this scatter plot 

changes with a single steady-state electric water pump + dynamic heat input from the engine on-

track.  I’ll definitely plan to do this over summer or fall semester 2024. 

 

Heat Transfer Rate as a function 

of Coolant mass flow rate.  

Linear due to the nature of the 

formula.  Notice the much higher 

linear slopes with increasing 

radiator temperature deltas.  

Efficiency increases. 
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These are the formulas through which raw pressure data gets converted to a flow velocity and ultimately 

into a mass flow rate.  A variation of Bernoulli’s equation. Plenty of online resources to pick from. 
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Endurance Testing 

 The last really solid testing outings we had were on March 29th and April 29th.  We were 

able to get through entire endurance stints without overheating.  On March 29th, we were running 

no aero and the radiator was exposed to ambient air.  We averaged a delta of 33 degrees across 

the radiator with a max temp of 230F.  This is really what we want.  Just think about the cooling 

performance with even higher water flow rates (mechanical pump delete).  On April 29th, 

Thomas was able to complete his endurance stint uninterrupted though needed to feather the 

throttle when engine temp went above 230F to avoid going into limp mode and completely 

losing throttle at 250F.  Unfortunately, this run did not have radiator temp sensors plugged in and 

we weren’t able to obtain an average temp delta for the run.  I would expect it to be in the range 

of 20-30degF similar to the March 29th run.  Frankly, the amount of cooling testing was severely 

limited due to the series of engine issues we had to solve for the two weeks leading up to 

competition.  2024 Michigan Endurance will be the ultimate test of our cooling system. 

Alex’s Endurance Stint – 3/29/24 (No ducting or aero) 

   

Ayson’s Partial Endurance Stint – 3/29/24 (No ducting or aero) 

 

Thomas’ Endurance Stint – 4/29/24 (Full ducting and aero, mechanical and EWP ON)  
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An important conclusion during the weekend of 4/19: 

 Notice the huge drop in temp from pink (inlet) to green (outlet).  That isn’t the radiator working 

super well.  That means we aren’t getting any water flow at all.  The radiator water is staying in there and 

not circulating.  After disassembling the engine, we concluded that there was water leaking into the oil 

system and heating everything up.  One way to verify flow rate is to idle until the fans turn on.  Check if 

the air being blown out is hot or cold.  If cold, no flow and do not run the car.  If hot, flow is occurring 

and should be good to run on-track. 

 

Ayson Endurance – 4/19/24 (Engine Issues – Crankcase and Oil Pressure)  
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Future Plans 
 

Follow @haynesengineering in Instagram 

 

Advice to the next captain 

1. Put an emphasis on on-car live data acquisition.   

2. Design as close as humanly possible with whoever is designing Side Aero 

 

Even with the number of great developments the cooling system has seen, there are a few more 

ideas I have I’d love to test over Summer 2024 and Spring 2024.  Here are those future plans 

listed in bullet point format below. 

1. PWM Closed Feedback Loop Control for fans and pump.  If engine heat input isn’t 

constant, why should water mass flow be constant?   

2. Pitot Static Tube data to determine overall air pressure drop across radiator 

3. Fine tuning of Venturi Meter data.  It is there, but its overall accuracy and sensor noise 

has plenty of room for improvement. 

4. Creation of a MATLAB/Simulink or GT-Suite 1D model of cooling system to correlate 

to on-track MoTeC data.  This could allow for the validation of a much smaller and 

efficient design in addition to greater insight into which design parameters have the most 

influential effects on heat rejection 
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Conclusion 

 I know for a fact that there is way too much information here to digest in one sitting.  I 

would recommend going to a few different coffee shops and really take your time to dive into the 

specifics of my designs.  Hopefully in the process, you’ll be able to catch some of my mistakes I 

never had the chance to catch. Nevertheless, this design binder is the culmination of two years of 

design, manufacturing, and testing of the cooling system.  At the time of writing this, it’s May 

4th, 2024 and the competition is just around corner (next week).  I’m a true believer in what I’ve 

done to improve cooling on the car but only time will tell once that Endurance event rolls 

around.  The last major change we made to the cooling system was essentially grinding down the 

plastic impeller on the mechanical pump down to what would resemble a black mushroom.  

After doing this, we’d run the electric pump and water would visibly flow much faster from the 

view at the swirl pot.  Now perhaps this might be different at RPM with the mechanical, but for 

now, we’re feeling confident that this may be the most influential cooling modification to date.  

A few other FSAE teams running an R6 have also removed their stock pump in place of a 

standalone electric water pump.  Finally, the ducting should also help allow more consistent air 

flow into the sidepod while on track.  It looks quite awesome if I do say so myself.  Best of luck 

to the next cooling captain and future ones to come.  I’ll be in touch whenever you need me. 

 

Regards, 

Isaac Haynes 

(626) 491-3945 
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