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Abstract 

 The Zips Electric team was able to design a car for the 2019 year from the ground up. One 

of the sub-systems for the car included the cooling system. The task for this senior design project 

was to improve on the previous cooling design attempt. We set out to reduce the number of 

radiators from two to one while retaining the effectiveness of the system. This report details the 

calculations necessary in order to choose the proper components for the system. Also, design 

choices were made using many engineering methods that we learned in our Concepts of Design 

course, such as weighted decision matrices and structure diagrams. An exhaust venting system was 

also designed to ensure proper airflow through the radiator. The components associated with the 

system ducting were 3D printed and had to be designed accordingly. 
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Introduction 

 The Zips Formula Electric race car is an opportunity for students to use in-class knowledge 

on a project. This car has many subsystems, all of which are necessary for the car to make it 

competition and race. These subsystems include, but are not limited to: structural frame, 

composites, suspension, steering, accumulator, brakes, and our cooling system. The subsystem 

that our group was tasked with working on was the cooling system for the car. 

The purpose of the cooling system is to cool several components of the electric car. These 

components include the battery inverter and the motor driving the car. As in any system, there are 

inefficiencies from the power inversion and use of this power in the motor. These inefficiencies 

present themselves as heat losses. The main purpose of the cooling system was designed to keep 

these different components at proper operating temperatures. 

A cooling system consists of a radiator with high-temperature hosing connecting to the 

inverter and motor. To complete the hose path was a pump with proper flow rate and ability to 

overcome pressure loss. Added to this, a fan was connected to the back of the radiator. This insures 

air flow at low speed application. The final part of the design was the venting system. This ensures 

proper flow of air. It was important to design this vent system in the allotted space. 

 The cooling system for the previous year’s car did not have much though behind it. There 

were two radiators and our project started with reducing that number to only one radiator. To aid 

in designing the system, engineering techniques such as weighted decision matrices, structure 

diagrams and Failure Mode and Effects Analysis charts were used. This ensured choosing the 

correct components and designs for out applications along with a system that was safety minded. 

Chapter 1: Design Brief 

There were many design aspects to consider when designing a cooling system for an 

electric car. One of the important design improvements we wanted to do was reduce the number 

of radiators. This required calculation of the cooling load the radiator would experience with only 

one radiator. 

To aid with design of this system, we used different methods learned in Concepts of Design 

class. These included function diagrams, morphological charts and FMEA (failure mode and 

effects analysis). 



Team standards were followed for choosing components. Here, one of the important 

aspects is to have all of the low voltage systems on the same 12V system. This caused some early-

on design changes to the pump and fan. 

 

Pump and Fan Selection 

These calculation included looking into the flowrate of water and air. Good water flow rate 

was necessary when selecting a pump. Another design aspect that went into choosing the pump 

was pressure drop across the cooling system. Different components cause a drop in pressure. If 

this drop in pressure is not overcome, the system is not able to pump through the system. For low 

speeds, the flow rate of air was found from the fan specifications. These flow rates were factored 

into heat transfer equation of the radiator. 

 

Radiator Selection 

All calculation were done using a radiator previously used in last year’s electric car. 

Important dimensions were found and used from this radiator included length and width. Also, the 

number of fins and fin diameters were found from this radiator. The radiator was found to be 

sufficient for cooling the car for the Formula Electric team. The previous system did not look into 

this aspect and used at “overkill” system with two radiators. Using the calculation as justifying, 

we were able to remove one of the radiators.   

 

Guidelines had to be followed for any car competing at a Formula Electric event. This 

included the cooling liquid that can be used, which was water. Next, the electric and cooling 

systems had to be separated from the driver by a firewall. Finally, a catch can had to be integrated 

into the design. This can had to be capable to hold at least 10% of the total fluid used in the system. 

The cooling liquid may not leak any liquids when tilted at a 45 degree angle. This includes the 

water from our system. 



Chapter 2: Conceptual Design 

 

Figure 1: Cooling System Structure Diagram 

        

The purpose of the structure diagram is so that we are able to see the big picture when it 

comes the cooling system. This system is actually a sub-system in a very complicated car. Also, 

we rely on many other teams for things such as where the system fits in the frame as well as how 

the pump and fan will be powered. The structure diagram helps visualize how the numerous 

other systems fit together, possible interference and improvements that can be done.  

 



 

Figure 2. Cooling System Objective Tree 

A weighted decision matrix is a very helpful tool when choosing between different designs 

or components. This is done by first creating an objective tree which breaks down the criteria 

regarding how each decision was made. These will be split up by weight. Adding all the weights 

will equal one. This allows a designer to have more weight on more important aspects. Next, a 

rating between 1 and 10 is assigned to each component. Multiplying the rating and weight will 

give each design a score. Added the scores compares overall design of each. Using the weighting 

factor and rating correcting will help choose which design is best. All 6 weighted decision matrices 

that we utilized to choose between different options are listed in Appendix G.  

One way these are useful is when choosing between different designs. A decision matrix 

was done for the venting design. When looking at all the different designs, each had different 

positives and negatives. Things we compared included design, safety, air flow/restriction, 

installation and the amount of 3D printing needed. Design was important since every aspect of the 

car receives points for design at competition. Safety had to deal with where the hot exhaust air 

exited in relation to the driver. Air flow took the shape of the vent and how air could navigate 

through. Installation took into account whether modification had to be done to the body paneling. 

Finally, it was taken into consideration how hard the part would be to 3D print and ultimately how 

much it would cost.  



Table 1: Weighted decision matrix for ductwork

 

Table 2: Criteria for the ductwork

 

For the pump, we had two comparable pumps. The main difference here was the pricing 

between them. In the end, we made the decision to buy the more expensive and more efficient 

pump. We felt as though the increased system efficiency outweighed the extra cost. 

Table 3: Weighted decision for water pump selection 

 



Table 4: Criteria for water pump selection

 

The choice for the tubing had many different factors. Some of the factors included were 

whether they were specialized to what we were doing with the cooling system. For example, some 

tubing had poor pressure and temperature ratings. Another factor was the ease of use. The system 

needs to be flexible. This will help in the future with installation and removal at competition.  

Table 5: Weighted decision matrix for the tube selection 

 

Table 6: Criteria for the tube selection 

 

 

Chapter 3: Embodiment Design 

 Many aspects of embodiment design were used in implementing this cooling system. It 

was important to understand the frame layout and to know how much room we had for the cooling 

system. After completing the system, a function structure diagram and failure mode and effects 

(FMEA) chart were used to assess the cooling system for possible ways in which it might fail. 



Each one had an important role in decisions that we made, ensuring proper design and preventing 

possible causes of failure in our system.  

Frame Layout 

The radiator cannot be located on the outside of the cabin of the vehicle, such as in the 

combustion vehicle. This is because the accumulator causes the mid-section of the frame to be 

built wider, and any extra width would negatively impact the aerodynamics of the car. Thus, we 

are left with the only option of placing the radiator within the frame. 

Last year the car attempted to implement two radiators within the cooling system, located 

on both sides of the frame. With the decision to reduce the number of radiators to one, we were 

left with the decision to place the radiator on either the left or right side of the frame. We decided 

to place the radiator on the left side of the frame based on the fact that only one radiator side has a 

cap. This decision substantially reduced the total length of tubing needed, which in turn reduced 

the amount of water needed, the weight, and the cost of the system. Figure 3, below, depicts the 

available space within the frame in which the cooling system can be placed. 

Figure 3: Layout of available space within the cars frame 

We were given roughly 1.014 ft^3 of frame space to design a functional cooling system. 

Since the radiator is located within the frame, next to the driver, FSAE has many rules in place to 

protect the driver in case of an accident. Per FSAE rules the cooling system must be fully enclosed 

by a firewall which isolates the system from the cabin of the car. The car seat, which is in the 

center of the frame and firewall, extends diagonally from the edge of the seat. This reduces the 

amount of space available to fit the cooling system in.  

Along with the size constraints, the cooling system also must adhere to multiple specifications. 

The required specifications are as follows: 

 



Motor Specifications 

• Cooling Medium: 8 LPM at 50°C 

• Pressure Drop: 0.9 Bar 

• Max inlet Pressure: less than or equal to 2 Bar 

Inverter Specifications 

• Coolant Flow Rate: 8-12 LPM 

• Pressure Drop: 0.3 Bar at 8 LPM 

FSAE Specifications 

• Electric motors and HV electronics must use plain water with no additives or oil as the 

coolant 

• Catch can must have a minimum volume of 10% of the fluid being contained 

• Catch can must be vented 

FMEA 

A Failure Mode and Effects chart, or FMEA, helps list all parts of the cooling system and 

the possible causes of failure. The severity of failure and possibility (occurrence) of failure are 

assessed on a 1 to 10 scale. Detection of is also scored this scale. This number reflect how easy 

detection is for each mode of failure. The Risk Proximity Number (RPN) is assessed by multiply 

the severity, occurrence and detection. The RPN reflects how important each possible mode of 

failure is. Depending on the RPN, further action many need to be done to insure safe use. Figure 

4 below elaborates such ranking.  



 

Figure 4: Failure mode and evaluation analysis chart 

Chapter 4: Detailed design  

Due to limited space within the frame, the Mishimoto Radiator was a good fit for the space 

available. This was the same radiator used in the previous car’s cooling system. The main 

improvement we wanted to accomplish was reducing the number of radiators from two to one. 

Many calculations had to be done to insure that this design change could be made. Not only did 

this center around the radiator, but it was also important that the pump, fan and vent system were 

properly designed for our application in the electric car. The calculations started with the cooling 

load experienced from heat given off of the motor and inverters. The radiator had to ensure that 

the motor and inverter temperature stayed within the range for optimum performance. Since the 

endurance race at competition is the physically demanding and generates the most amount of heat 

at a given time, it is used as a basis to determine the cooling load. From the resulting cooling load 

we then found the heat transfer rate, the efficiency, and heat capacity ratio of the radiator. Only 

after these calculation, we were able to determine if the radiator was sufficient or not. 



Cooling Load Calculations 

 To determine the cooling load needed, we start by finding the energy and the time to 

complete the constant velocity cornering, also the acceleration, deceleration and max velocity 

portions of the straight sections in one lap of the endurance course. Since our team will be 

competing in the Nebraska competition this year, the endurance course from 2012 was selected to 

do these calculations. Figure 5 below show such track. 

 

Figure 5: FSAE Endurance Course, Nebraska 2012 

 The total length of this track is roughly 1.2 km (0.7 mi) and consists of 40 turns and/or 

slaloms with 13 straight sections. Following the same methodology as the book we will assume 

all acceleration and braking occur in straight sections of the track and all corners are pure 

cornering with no acceleration and/or braking. The Formula SAE vehicle has a mass of 𝑚 =

510 𝑙𝑏𝑚 and 𝑚 = 655 𝑙𝑏𝑚 (297 𝑘𝑔), with a 145 lb driver (for calculations purposes). The tires 

can develop a maximum lateral force of ∑ 𝐹𝐿𝐴𝑇 = 1113.5 𝑙𝑏 (5244𝑁) for pure cornering. The 

vehicle has a frontal area of 𝐴𝑓 = 1.045 𝑚2, a drag coefficient of 𝐶𝐷 = 0.75, and the tires have a 

rolling resistance coefficient, 𝐶𝑅𝑅 = 0.025. The drivetrain efficiency, 𝜂𝐷𝑇 = 0.91. The air mass 

density is 𝜌𝐴 = 1.21
𝑘𝑔

𝑚3
. The maximum average coefficient of braking, 𝜇𝐴 = 1.8 for all four 



tires. The Gear Ratio, 𝐺𝑅 = 3.51, the tire radius,  𝑅𝑇 = 0.254𝑚 the Slip Ratio, 𝑆𝑅 = 0.1 the 

Braking Acceleration, 𝑎𝐵 = 17.658 
𝑚

𝑠2. We assume the steering angles of the two front tires are 

equal and use a representative value of 𝜃 = 10° 

The calculations are broken down into the different sections of the track. First, the energy 

required to navigate each turn and/or slalom is determined. This is done by first calculating the 

cornering velocity, Vi using the equation, 

𝑉𝑖 = √
𝑅 ∑ 𝐹𝐿𝐴𝑇

𝑚
 

Where R is the radius of the turn. Next, the time to navigate this corner is found from, 

𝑡𝑖 =
𝑆𝑖

𝑉𝑖
 

Where Si is the length of the turn. Finally, the Energy required for constant velocity cornering can 

be found using the equation, 

𝐸𝑉𝑖 = (
1

2
𝜌𝐴𝐼𝑅𝐴𝐹𝐶𝐷𝑉𝑖

2 + 𝐶𝑅𝑅𝑊𝑉𝑖 + (𝐹𝐿𝐿𝐹 + 𝐹𝐿𝑅𝐹)𝑠𝑖𝑛𝜃𝑉𝑖)
𝑡𝑉𝑖

𝜂𝐷𝑇
 

Where 𝐹𝐿𝐿𝐹 is the lateral force on the left front tire, 𝐹𝐿𝑅𝐹 is the lateral force on the right front tire 

and since these values were specifically given we estimate (𝐹𝐿𝐿𝐹 + 𝐹𝐿𝑅𝐹) term in the above 

equation as equal to 
∑ 𝐹𝐿𝐴𝑇

2
 The results from these calculations are summarized in Appendix F, 

Table App.F.1. 

In order to analyze the acceleration phases, we will need the engine torque as a function of 

the engine speed, the drive train gear ratios, the drive tire radius, and an estimate of the tire slip 

ratio for acceleration. Figure 6 below is the extrapolated results of the engine torque as a function 

of engine speed, obtained from the manufacturer’s graph, in located Appendix C, Figure App.C.3. 

 



 

Figure 6: Torque and Horsepower Curve for EMRAX 228  

The curve above was poly fitted to obtain an equation that can be used to determine the average 

rear axle torque at any given engine speed. The equation obtain is as follows, 

𝑇𝑅𝐴 = (−2𝑥10−6𝑁2 + 0.0468𝑁 − 3.6001)𝐺𝑅𝜂𝐷𝑇 

The vehicle average acceleration for the average rear axle torque 

𝑎𝐴 =
𝑇𝑅𝐴

𝑅𝑇𝑚
 

Next, the time and energy required in the straight line sections of the endurance course. 

The constant cornering velocity of the prior corner is the initial velocity while the final velocity 

depends on the length of the straight section. The Emrax 228 is a sequential motor, which means 

it has no gears. Therefore, the maximum attainable velocity obtained in each straight section 

depends on the driver’s skill level and ability to enter these sections with highest velocity possible. 

Acceleration time need in each section is found from, 

𝑡𝑖𝐴 =
(𝑉𝑖𝑀𝐴𝑋 − 𝑉𝑖)

𝑎𝐴
 

 



The acceleration distance is 

𝑆𝑖𝐴 = 𝑉𝑖𝑡𝑖𝐴 +
1

2
𝑎𝐴𝑡𝑖𝐴

2  

The engine energy required to accelerate the vehicle from velocity 𝑉𝑎 to velocity 𝑉𝑏 

𝐸𝑖𝐴 =
1

2𝜂𝐷𝑇
(𝑚 +

𝐶𝑅𝑅𝑊

𝑎𝐴
) (𝑉𝑏

2 − 𝑉𝑎
2) +

𝜌𝐴𝐼𝑅𝐴𝐹𝐶𝐷

8𝜂𝐷𝑇𝑎𝐴

(𝑉𝑏
4 − 𝑉𝑎

4) 

The braking time is found from 

𝑡𝑖𝐵 =
(𝑉𝑖𝑀𝐴𝑋 − 𝑉𝑖)

𝑎𝐵
 

The braking distance is 

𝑆𝑖𝐵 = 𝑉𝑖𝑀𝐴𝑋𝑡𝑖𝐵 −
1

2
𝑎𝐵𝑡𝑖𝐵

2  

The maximum velocity distance in a section is given by the equation 

𝑆𝑖𝑉𝑖𝑀𝐴𝑋 = (𝑆𝑖 − 𝑆𝑖𝐴 − 𝑆𝑖𝐵) 

The maximum velocity time in a section is 

𝑡𝑖𝑉𝑖𝑀𝑎𝑥 =
𝑆𝑖𝑉𝑖𝑀𝐴𝑋

𝑉𝑖𝑀𝐴𝑋
 

The maximum velocity engine output energy 

𝐸𝑖𝑉𝑖𝑀𝐴𝑋 = (
1

2
𝜌𝐴𝐼𝑅𝐴𝐹𝐶𝐷𝑉𝑖𝑀𝐴𝑋

3 + 𝐶𝑅𝑅𝑊𝑉𝑖𝑀𝐴𝑋)
𝑡𝑖𝑉𝑀𝐴𝑋

𝜂𝐷𝑇
 

To obtain an achievable maximum velocity in each straight section, this value was 

determined by manipulating the value until the maximum velocity distance was the lowest possible 

number. The results of these calculations are in Appendix F, Table 2a and 2b. Once the output 

engine power was found, the motor efficiency, n, equation can be manipulated to find the electrical 

input power,  

𝑃𝑖𝑛 =
𝑃𝑜𝑢𝑡

𝜂𝐷𝑇
 



The power loss of the engine is essential turned into heat and can be considered the required 

cooling load of the system. This cooling load can be found using the equation, 

𝐶𝐿 = 𝑃𝐼𝑁 − 𝑃𝑂𝑈𝑇  

Table 1 below, is the tabulated results of the total energy expended, average engine power 

developed, and average torque and engine speeds while navigating the corners and straights of the 

endurance track. The efficiency of the motor during this time was determined using the motor 

efficiency map in Appendix C, Figure App.C.3, with the average values of torque and engine 

speed. The overall efficiency of 87.36% was determined by multiplying the drivetrain efficiency 

by the motor efficiency. Using the above equations for the input power with this efficiency the 

required radiator cooling load for one lap of the endurance track was determined. 

Table 7: Overall results of one complete lap of the endurance course.  

Total Time 60.406 s 

Total Energy Expended 1014253.114 Nm 

Average Engine Power 16.7905 kW 

Average Torque 105.991 Nm 

Average Engine Speed 2725.2905 rpm 

Motor Efficiency 96% 

Overall Efficiency 87.36% 

Input Power 19.2199 kW 

Cooling Load 2.4294 kW 

 

When the car accelerates it generates the greatest amount of heat, so as a conservative estimate the 

power dissipated in the straight selection will be used. The results of these calculations are in the 

Table 8 below.  

 

 

 

 

 

 



Table 8: Results from the straight portions of the track 

Straight Energy 527937.4675 Nm 

Straight Time 15.5055 s 

Average Energy 34.0484 kW 

Average Torque 113.0377 Nm 

Average engine speed 2909.6470 rpm 

Motor Efficiency 96% 

Overall Efficiency 87.36% 

Input Power 38.9748 kW 

Cooling Load 4.9264 kW 

 

These cooling load calculations are track dependent and will increase or decrease depending on 

the length of the track, the number of turns and/ or slaloms, and number of straight sections 

featured in the track. 

Heat Transfer Calculations 

Heat transfer analysis is necessary to be able to evaluate the heat transfer throughout our 

system. It is necessary to know the rate of heat transfer and cooling load which the radiator 

provides. The heat transfer in our system takes place between a radiators with hot coolant 

coming into contact with cooler, outside air. Every radiator is unique in its ability to cool based 

on numerous factors. These not only include outside dimensions of a radiator but also how the 

fins of the radiator are laid out. The next section explains equations used in calculating the heat 

transfer through the radiator. Note that the radiator is analyzed as a heat exchanger device. The 

equations used here can be used to apply the cooling load associated with the electric can and the 

heat transfer resulting. Table 3 below shows basic dimensions of the radiator we analyzed. 

 

 

 

 



Table 9: Measured dimensions of the radiator  

Core Height 0.2403 m 

Tube Width 0.0022 m 

core width 0.1082 m 

fin height 0.0079 m 

length of tube 0.0201 m 

tube width 0.0016 m 

tube thickness 0.0003 m 

inside length 0.0195 m 

diameter 0.01702 m 

# of tubes 20 

 

Heat Transfer Rate, �̇�: 

�̇� = 𝑈𝑜𝐴𝑜𝐹 𝐿𝑀𝑇𝐷 

Where: 

𝑈𝑜 =  𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝐻𝑒𝑎𝑡 𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 =  
1

𝑅𝑜+𝑅𝑤𝑎𝑙𝑙+𝑅𝑖
  

𝐴𝑜 = 𝑜𝑢𝑡𝑠𝑖𝑑𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑎𝑡𝑒𝑟 𝑡𝑢𝑏𝑒 = 1.1735 𝑚2 

𝐹 = 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 (𝑎𝑠𝑠𝑢𝑚𝑒𝑑 = 1) 

𝐿𝑀𝑇𝐷 = 𝐿𝑜𝑔 𝑀𝑒𝑎𝑛 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =  
(𝑇𝑤 𝐼𝑛 − 𝑇𝑎𝑖𝑟 𝑂𝑢𝑡) − (𝑇𝑤 𝑜𝑢𝑡 − 𝑇𝑎𝑖𝑟 𝐼𝑛)

𝐿𝑁 (
𝑇𝑤 𝐼𝑛 − 𝑇𝑎𝑖𝑟 𝑂𝑢𝑡

𝑇𝑤 𝑜𝑢𝑡 − 𝑇𝑎𝑖𝑟 𝐼𝑛
)

 

Overall Heat Transfer Coefficient, 𝑈𝑜: 

𝑈𝑜 =  
1

𝑅𝑜 + 𝑅𝑤𝑎𝑙𝑙 + 𝑅𝑖
 

 



In calculating the convective thermal resistance of the air flowing across the radiator, 𝑅𝑜, we first 

calculate average Nusselt number, 𝑁𝑢𝑎𝑖𝑟2, as follows: 

𝑁𝑢𝑎𝑖𝑟2 = 1.86 [
𝑅𝑒𝑎𝑖𝑟2 𝑃𝑟𝑎𝑖𝑟2

(
𝐿𝑎𝑖𝑟2

𝐷ℎ𝑎𝑖𝑟2
)

]

1/3

= 1.86 [
368.79 ∗ 0.708

(
0.240 𝑚

0.00164 𝑚)
]

1/3

= 2.4443 

Outside (air) convective heat transfer coefficient, ℎ𝑜: 

ℎ𝑜 =
𝑘𝑎𝑖𝑟2 𝑁𝑢𝑎𝑖𝑟2 

𝐷ℎ𝑎𝑖𝑟2
=

0.02753 
𝑊

𝑚 ℃ ∗ 2.4443

0.00164 𝑚
= 40.956 

𝑊

𝑚2 ℃
 

Air thermal resistance, 𝑅𝑜, is:  

𝑅𝑜 =
1

ℎ𝑜
=

1

40.956 
𝑊

𝑚2℃

= 0.024416
𝑚2℃

𝑊
 

Note: Air properties such as Prandtl number, 𝑃𝑟𝑎𝑖𝑟2, and thermal conductivity, 𝑘𝑎𝑖𝑟2, are 

obtained from Figure App.B.3 in Appendix B of this report for air at 320 K.   

Moving on to calculating the wall conductive thermal resistance, 𝑅𝑤𝑎𝑙𝑙, we first collect 

the following data: 

Inside surface area of water tube, 𝐴𝑖 = 0.18709 𝑚2 

Outside surface area of water tube, 𝐴0 = 1.1735 𝑚2  

Thickness of fin, 𝑡𝑤𝑎𝑙𝑙 = 0.0003 𝑚 

Thermal conductivity of Aluminum fin, 𝑘𝑤𝑎𝑙𝑙 = 240
𝑊

𝑚 ℃
 (obtained from Figure App.B.2 in 

Appendix B, at 100 ℃ ) 

Conductive thermal resistance of the radiator’s walls, 𝑅𝑤𝑎𝑙𝑙, is as follows:   

𝑅𝑤𝑎𝑙𝑙 =
𝐴𝑜

𝐴𝑖

𝑡𝑤𝑎𝑙𝑙

𝑘𝑤𝑎𝑙𝑙
=

1.1735 𝑚2

0.1899 𝑚2

0.0003 𝑚

240
𝑊

𝑚 ℃

= 7.84𝑋10−6
𝑚2 ℃

𝑊
 

 



In calculating the inside (water) thermal resistance, 𝑅𝑖, we first start by calculating the Nusselt 

number, 𝑁𝑢𝑤2: 

𝑁𝑢𝑤2 =
(

𝑓𝑤2

8 ) (𝑅𝑒𝑤2 − 1000)(𝑃𝑟𝑤2)

1 + 12.7 (
𝑓𝑤2

8 )
1/2

(𝑃𝑟𝑤2
2/3

− 1)

=
(

0.0442
8 ) (3170.8 − 1000)(1.75)

1 + 12.7 (
0.0442

8 )
1/2

(1.752/3 − 1)

= 14.715 

Inside (water) convective heat transfer coefficient, ℎ𝑖: 

ℎ𝑖 =
𝑘𝑤2 𝑁𝑢𝑤2

𝐷ℎ𝑤2
=

(0.6791
𝑊

𝑚℃) (14.715)

(0.002886 𝑚)
= 3461.60 

𝑊

𝑚2 ℃
 

Note: Prandtl number, 𝑃𝑟𝑤2, and thermal conductivity, 𝑘𝑤2, of water are obtained for water at 

100 ℃ from Figure App.B.1 in Appendix B.  

Now, the inside, water, thermal resistance is as follows: 

𝑅𝑖 =
𝐴𝑜

𝐴𝑖  ℎ𝑖
=

1.1735𝑚2

0.1899𝑚2 ∗ 3461.60 
𝑊

𝑚2℃

= 0.001812
𝑚2 ℃

𝑊
 

Therefore, 𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝐻𝑒𝑎𝑡 𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡, 𝑈𝑜 ,  is as follows: 

𝑈𝑜 =
1

𝑅𝑜 + 𝑅𝑤𝑎𝑙𝑙 + 𝑅𝑖
 =  

1

0.024416
𝑚2℃

𝑊 + 7.84𝑋10−6 𝑚2℃
𝑊 + 0.001812

𝑚2℃
𝑊

= 38.115
𝑊

𝑚2 ℃
 

Notice that the air thermal resistance, 𝑅𝑜, is by far the greatest of other, water and wall thermal 

resistances. 

Heat Transfer Rate Calculation 

�̇� = �̇�𝑤𝐶𝑝𝑤
(𝑇𝑤 𝐼𝑛 − 𝑇𝑤 𝑂𝑢𝑡) 

�̇� = �̇�𝑎𝑖𝑟𝐶𝑝𝑎𝑖𝑟
(𝑇𝑎𝑖𝑟 𝑜𝑢𝑡 − 𝑇𝑎𝑖𝑟 𝑖𝑛) 

 

 



Mass flow rate of water, �̇�𝑤, and air, �̇�𝑎𝑖𝑟, is: 

�̇�𝑤 = (
12 𝐿

𝑚𝑖𝑛
) (

1 𝑚3

1000 𝐿
) (

1 𝑚𝑖𝑛

60 𝑠𝑒𝑐
) (

1000 𝑘𝑔

1 𝑚3
) = 0.2 

𝑘𝑔

𝑠
 

�̇�𝑎𝑖𝑟 = (0.2403 𝑚)(0.1082 𝑚) (3 
𝑚

𝑠
) (1.21 

𝑘𝑔

𝑚3
) = 0.09438 

𝑘𝑔

𝑠
 

Note that the mass flow rate of water and air are calculated for specific flow rate and velocity, 

respectively, however these values change when the care is in motion. Figures 7, and Figure 8, 

below show the water and air mass flow rates for various flow rates and velocities, respectively. 

 

 

Figure 7: Water mass flow rate as a function of water volumetric flow rate 

 



 

Figure 8: Air mass flow rate as a function of air velocity 

Note: As velocity of air increases, mass flow rate of air increases as well, which leads to more air 

flow through radiator fins causing more heat loss and therefore better cooling. 

Also, specific heat of water and air are obtained from Figure App.B.1 and Figure App.B.3, 

respectively, where 𝐶𝑝𝑤
= 4216 

𝐽

𝑘𝑔 ℃ 
 and 𝐶𝑝𝑎𝑖𝑟

= 1008 
𝐽

𝑘𝑔 ℃ 
. 

Assume  

𝑇𝑤 𝐼𝑛 = 100 ℃ 

𝑇𝑎𝑖𝑟 𝐼𝑛 = 25 ℃ 

cooling load was previously solved for in the section above as �̇� = 4926.4 𝑊 

Solving for by applying the mass conservation principle, we get  

𝑇𝑤 𝑜𝑢𝑡 = 50 ℃ 

𝑇𝑎𝑖𝑟 𝑂𝑢𝑡 = 76.78 ℃ 

Note that temperature of exiting air is not constant, rather, it depends on the mass flow rate of 

air. Figure 9 below expresses the temperature of exiting air as a function of the mass flow rate of 

air. 



 

Figure 9: Exiting air temperature as a function of air mass flow rate 

Note: as the mass flow rate of air increases due to increasing velocity, the temperature of air 

exiting the radiator decreases, which results in better cooling.  

NOW: Heat Transfer Rate, �̇�: 

�̇� = 𝑈𝑜𝐴𝑜𝐹 𝐿𝑀𝑇𝐷 

�̇� = (32.979
𝑊

𝑚2℃
) (1.1735𝑚2)(1) (

(100 ℃ − 76.78 ℃) − (50 ℃ − 25 ℃)

𝐿𝑁 [
100 ℃ − 76.78 ℃

50 ℃ − 25 ℃
]

) = 1077.82 𝑊

= 1.077819 𝐾𝑊 

Efficiency, 𝑃: 

𝑃 =
𝑇𝑎𝑖𝑟 𝑂𝑢𝑡 − 𝑇𝑎𝑖𝑟 𝑖𝑛

𝑇𝑤 𝑖𝑛 − 𝑇𝑎𝑖𝑟 𝑖𝑛
=

76.78 ℃ − 25 ℃

100 ℃ − 25 ℃
∗ 100 = 69.05% 

Since temperature of exiting air is not constant, the efficiency and capacity ratio will vary. Figure 

10 and Figure 11 show the efficiency and capacity ratio as functions of heat transfer rate 

respectively. 

 



 

Figure 10: Efficiency as a function of heat transfer rate 

Note: that the efficiency increases as the heat transfer rate decreases.  

Capacity Ratio, R: 

𝑅 =
𝑇𝑤 𝑖𝑛 − 𝑇𝑤 𝑜𝑢𝑡

𝑇𝑎𝑖𝑟 𝑜𝑢𝑡−𝑇𝑎𝑖𝑟 𝑖𝑛

∗ 100 =
100 ℃ − 50 ℃

76.78 ℃ − 25 ℃
∗ 100 = 96.56 % 

 

Figure 11: Capacity ratio as a function of heat transfer rate 

Note: that the increasing heat transfer rate results in increasing capacity ratio. 



Radiator Placement  

The constraints for placement for the radiator was mainly centered around how it would 

best fit into the space allowed by the tube frame. Inside edge of the frame, the radiator sits at 

roughly at 60°. The idea would be a 90° but this was the closed we could achieve with the space 

allowed. Mounting tabs were manufactured and welded onto the frame to hold the radiator in this 

position (Drawings in Appendix E).  

Due to space constraints and interference with the firewall, a 90° angle fitting had to be 

used on the inlet of the radiator and a 180° fitting on the outlet. These were put in place to avoid 

kinks from forming in the tubes and disrupting the flow. All types of fittings introduced into a 

system like this creates pressure and flow losses of some magnitude. The solution we came up 

with to minimize the total amount of losses was to move the inlet and outlet barbs on the radiator 

to its back face. Figure 12 below depicts the change in location of these barbs. The new outlet of 

the radiator, located closer to the accumulator, still required a 45° angle fitting. This minimized 

the angle which the tube bends in from. 



 



Fan Selection 

We choose a 5.2” SPAL puller fan. The puller configuration of the fan was chosen since 

they are known to be better suited for application like a radiator. This type of fan is able to pull air 

through and from around the radiator. The venting system was design around the fan and radiator 

to minimize an air leaking.  

Air Duct Design 

With the location of the radiator decided now came the task to determine a proper way to 

duct the air through the radiator and out of the car. One feature that we wanted was for the fan to 

be housed within the ductwork. Again, due to space constraints the exhaust portion of the ductwork 

needed go above the accumulator. With the radiator sitting at a 60° angle we wanted to ensure that 

the inlet of the duct be tangent with the frame tubes to avoid interference with the body panels. To 

have the most amount of air flow through the radiator, the inlet needed to as wide as possible. 

Figure 13 depicts the multiple design iterations of the ductwork. The inlet of each design remains 

the same and how the fan is housed remains the same. the exhaust portion of the duct changes with 

each iteration. 

Figure 13: Ductwork design one 

Figure 13 shows the first iteration of the duct design. The exhaust portion features an elbow 

that vents the hot air of the upper side of the car. The end is tangent with the frame tube and is cut 

to accommodate the radius in the body panel. This design requires a hole to be cut into the body 

panel. 



Figure 14: Ductwork design two 

Figure 14 shows the second iteration of the duct design. The exhaust portion features two 

pieces that vent the hot air out of the back of the car. The diameter of the duct slightly reduces 

before it deforms to fit into the triangle made by the frame tubes. This design does not require any 

hole to be cut into any of the body panels. 

Figure 15: Ductwork design three 

 Figure 15 shows the third iteration of the duct design. The exhaust portion features an 

elbow that vents hot air out of the lower side of the frame. The elbow’s diameter reduces 

significantly before it becomes tangent with the frame tube. This design requires a hole to be cut 

into the body panel. 

 Per FSAE, rule the accumulator must be taken out of the car to charge. Therefore, 

ductwork design two’s exhaust portion will need to be taken in and out with the accumulator. 

Unlike design two, ductwork designs one and three were made to so that the exhaust portion did 

not have to be taken out along with the accumulator. However, the downside to these designs is 

that the elbow portion could potentially choke the flow.  



 In order to maintain the best airflow through radiator, i.e. maximize the airs cooling 

potential, we choose the go with design two. Having to take the exhaust portions of the duct in and 

out with the accumulator was determined to be worth it. Since we have a design in mind, the next 

task is to choose what material and how we are going to make it. Multiple duct mounting tabs 

manufactured and welded onto the frame to hold these duct pieces in place (Drawing in Appendix 

E). Figure 16 below is an exploded view of the radiator assembly that shows the connections 

between the duct pieces, radiator, and fan. 



 



Air Pressure Drop across Radiator 

After the duct dimensions have been finalized we were able to do calculations to determine 

the pressure drop across the radiator. Air pressure drop across the radiator depends mainly on the 

velocity which the car is moving. Other factors which affect air pressure drop are the loss 

coefficients at the inlet and exit of the duct. Figure 17 below demonstrates the flow of air across 

the radiator fins. Section 1 shows the air entrance to the radiator fins. Section 2 is the actual radiator 

fins and section 3 is the area to which air exits.  

 

Figure 17: Demonstrative model of air flow through the radiator fins 

Calculations of the find area of the radiator geometry must first be determined in order to 

proceed with the pressure drop calculations.  

Upstream flow area of air channels, 𝐴𝑟𝑒𝑎𝑎𝑖𝑟1: 

𝐴𝑟𝑒𝑎𝑎𝑖𝑟1 = 𝐴𝑟𝑒𝑎𝑎𝑖𝑟3 = 0.24028𝑚 ∗ 0.10280𝑚 = 0.025999 𝑚2 

Frontal area of tubes, 𝐴𝑟𝑒𝑎𝑡𝑢𝑏𝑒𝑠 𝑓𝑟𝑜𝑛𝑡𝑎𝑙: 

𝐴𝑟𝑒𝑎𝑡𝑢𝑏𝑒𝑠 𝑓𝑟𝑜𝑛𝑡𝑎𝑙 = 0.24028𝑚 ∗ 0.002159𝑚 ∗ 20 = 0.010375 𝑚2  

Frontal area of fins, 𝐴𝑟𝑒𝑎𝑓𝑖𝑛𝑠 𝑓𝑟𝑜𝑛𝑡𝑎𝑙: 

𝐴𝑟𝑒𝑎𝑓𝑖𝑛𝑠 𝑓𝑟𝑜𝑛𝑡𝑎𝑙 = 0.007874𝑚 ∗ 0.0001016𝑚 ∗ 20 ∗ 22 = 0.000351 𝑚2  

Flow area of air channels, 𝐴𝑟𝑒𝑎𝑎𝑖𝑟2:  

𝐴𝑟𝑒𝑎𝑎𝑖𝑟2 = 0.025999 𝑚2 − 0.010375 𝑚2 − 0.000351 𝑚2 = 0.01527 𝑚2 

 



Air channel average velocity, 𝑉𝑎𝑖𝑟2: 

𝑉𝑎𝑖𝑟2 = (𝑉𝑎𝑖𝑟1) (
𝐴𝑟𝑒𝑎𝑎𝑖𝑟1

𝐴𝑟𝑒𝑎𝑎𝑖𝑟2
) = (3 

𝑚

𝑠
) (

0.025999 𝑚2

0.01527  𝑚2
) = 5.1072

𝑚

𝑠
 

Where 𝑉𝑎𝑖𝑟1is an assumed velocity of the approaching air. 

𝑓𝑖𝑛 𝑠𝑙𝑎𝑛𝑡𝑒𝑑 ℎ𝑒𝑖𝑔ℎ𝑡 = √(𝑓𝑖𝑛 ℎ𝑒𝑖𝑔ℎ𝑡)2 (
𝑓𝑖𝑛 𝑠𝑝𝑎𝑐𝑖𝑛𝑔

2
)

2

= √(0.00787 𝑚)2 (
0.00184 𝑚

2
)

2

= 0.0079279 𝑚 

Air channel hydraulic diameter,  

𝐷ℎ𝑎𝑖𝑟2
=

4 𝐴𝑟𝑒𝑎𝑎𝑖𝑟2

𝑃𝑎𝑖𝑟2
=

4 [
1
2

(0.00787 ∗ 0.00184)]

0.00184 + 2(0.0079279)
= 0.001643 𝑚 

The Reynolds number for the air flow, 𝑅𝑒𝑎𝑖𝑟2: 

𝑅𝑒𝑎𝑖𝑟2

𝑉𝑎𝑖𝑟2 𝐷ℎ𝑎𝑖𝑟2

𝜈𝑎𝑖𝑟2
=

5.1072
𝑚
𝑠 ∗  0.001643 𝑚

1.79𝑋10−5  
𝑚2

𝑠

= 468.79 

Note that the flow is laminar; however, it will change as the velocity of air entering the radiator 

does. 

The ratio of relative roughness of aluminum to the air channel hydraulic diameter: 

𝜀

𝐷ℎ𝑤2
=

0.0000015 𝑚

0.001643 𝑚
= 0.00091295 

The air friction factor over the air channels, 𝑓𝑤2: 

𝑓𝑎𝑖𝑟2 =
64

𝑅𝑒𝑎𝑖𝑟2
=

64

468.79
= 0.13652 

The entrance and exit loss coefficients for the air channel, 𝑘𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒 and 𝑘𝑒𝑥𝑖𝑡, are respectively 

determined as follows: 

𝑘𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒 = 0.80 



Note: The value of the entrance loss coefficient is obtained from Figure App.A.3 in Appendix A 

for a reentrant entrance condition.  

The momentum correction factor at point 2, 𝛽2, and the kinetic energy correction factor at point 

2, 𝛼2, are respectively calculated as follows and used in calculating the exit loss coefficient, 

𝑘𝑒𝑥𝑖𝑡. 

𝛽2 =
2

𝑤 𝑉2
∫  

𝑤
2

0

(6𝑉)2 [
1

4
−

𝑦2

𝑤2
]

2

𝑑𝑦 = (
72

𝑤
) (

𝑤

60
) = (

72

0.2286
) (

0.2286

60
) = 1.20 

And  

𝛼2 =
2

𝑤 𝑉3
∫  

𝑤
2

0

(6𝑉)3 [
1

4
−

𝑦2

𝑤2
]

3

𝑑𝑦 = (
432

𝑤
) (

𝑤

280
) = (

432

0.2286
) (

0.2286

280
) = 1.543 

And 𝛽3 𝑎𝑛𝑑 𝛼3 are =1, therefore; the exit loss coefficient, 𝑘𝑒𝑥𝑖𝑡:  

𝑘𝑒𝑥𝑖𝑡 = (2𝛽3 − 𝛼3) (
𝐴𝑟𝑒𝑎2

𝐴𝑟𝑒𝑎3
)

2

− 2𝛽2 (
𝐴𝑟𝑒𝑎2

𝐴𝑟𝑒𝑎3
) + 𝛼2

= (2(1) − 1) (
0.020724

0.025999
)

2

− 2(1.2) (
0.020724

0.025999
) + 1.543 = 0.26528 

Now, Air Pressure Drop Across the Radiator, ∆𝑝: 

∆𝑝 = [𝑘𝑒𝑛𝑡𝑒𝑟𝑎𝑛𝑐𝑒 + 𝑓𝑎𝑖𝑟

𝐿𝑎𝑖𝑟2

𝐷ℎ𝑎𝑖𝑟2

+ 𝑘𝑒𝑥𝑖𝑡]
𝜌𝑎𝑖𝑟𝑉𝑎𝑖𝑟2

2

2
 

∆𝑝 = ([0.80 + 0.13652
0.2403𝑚

0.001643𝑚
+ 0.26528]) (

(1.21
𝑘𝑔
𝑚3)(5.10722 𝑚

𝑠 )

2
 ) = 64.98 𝑃𝑎 

Note that this calculated value of air pressure drop is at an air velocity of 5.10722 m

𝑠
, and the 

velocity of air will not always be at this value however, it will change once the car is in motion 

causing more air flow through the radiator fins which results in better cooling. 

A generated plot is shown below, Figure 18, which gives a better idea of how pressure drop is 

affected by the air velocity when the car is motion and speeding up.  

 



 

Figure 18: Air pressure drop as a function of air velocity 

Note, the straight vertical line can reach up to 38 m/s. That causes air flow changing from 

laminar to turbulent and therefore affecting the pressure drop. Therefore, the air pressure drop 

increases as the air velocity increases. 

Pump  

To ensure the greatest amount of suction provided by the pump, it must be placed at the 

lowest spot in the system. The cooling system is required to cool the motor and the inverter. The 

motor will get hotter and has a lower temperature sensitivity than the inverter. This means the 

motor must be placed before the inverter in the cooling loop. The pump is placed between the 

radiator and the motor so that it pulls the cooled water from the radiator and supplies it to the 

pump.  

In the same fashion as in determining air pressure drop, the water pressure drop also 

depends on multiple factors. The most important factor is the water flow rate through the radiator 

tubes. This is determined by the speed of the pump. Another important factor is the geometry of 

the radiator tubes as well as the material of which it is made of. Another big factor in calculating 

the water pressure drop are the loss coefficients of the entrance and exit which are controlled by 

the model of our radiator. Figure 19 below shows the flow of water across the radiator tubes. 

Sections 0 and 1 show the water entering and exiting the radiator, respectively.  



 

 

Figure 19: Demonstrative model of water flow in the radiator 

Before determining the pressure drop, geometry calculations of rectangular water tubes 

must be conducted as shown below.  

Flow area of the rectangular water tubes, 𝐴𝑟𝑒𝑎𝑤2: 

𝐴𝑟𝑒𝑎𝑤2 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑢𝑏𝑒𝑠 ∗ 𝑡𝑢𝑏𝑒 𝑤𝑖𝑑𝑡ℎ ∗ 𝑖𝑛𝑠𝑖𝑑𝑒 𝑙𝑒𝑛𝑔𝑡ℎ = 0.00060695 𝑚2 

Outlet area of water pipe, 𝐴𝑟𝑒𝑎𝑤4: 

𝐴𝑟𝑒𝑎𝑤4 =
𝜋

4
∗ 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟2 = 0.00022746 𝑚2 

Area ratios 

𝐴𝑟𝑒𝑎𝑤2

𝐴𝑟𝑒𝑎𝑤4
=

0.00060695 𝑚2

0.00022746 𝑚2
=  2.66836 

𝐴𝑟𝑒𝑎𝑤2

𝐴𝑟𝑒𝑎𝑤1
=

𝐴𝑟𝑒𝑎𝑤2

𝐴𝑟𝑒𝑎𝑤3
=

20 (0.001559𝑚)

0.24028𝑚
=  0.12976 

Where 𝐴𝑟𝑒𝑎𝑤1 = 𝐴𝑟𝑒𝑎𝑤3, are the upstream and downstream flow areas of water tubes, 

respectively. 



Since the radiator has rectangular water tubes, the hydraulic diameter should be used. 

The hydraulic diameter of water tubes, 𝐷ℎ𝑤2 : 

𝐷ℎ𝑤2 =
4(𝑓𝑙𝑜𝑤 𝑎𝑟𝑒𝑎)

𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟
=

4(0.019466 ∗ 0.001559)

2(0.019466 + 0.001559)
= 0.0028868 𝑚 

Average water tube velocity, 𝑉2 : 

𝑉2 =
(

12 𝐿
𝑚𝑖𝑛) (

1𝑚3

1000 𝐿) (
𝑚𝑖𝑛

60 𝑠𝑒𝑐)

20(1.559𝑚𝑚)(19.466𝑚𝑚)
= 0.32952

𝑚

𝑠
 

Ratio of relative roughness, 𝜀, of Aluminum to the hydraulic diameter, 𝐷ℎ𝑤2: 

𝜀

𝐷ℎ𝑤2
=

0.0000015 𝑚

0.0028868  𝑚
= 0.0005196 

The Reynolds number,  

𝑅𝑒𝑤2 =
𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 ∗ ℎ𝑦𝑑𝑟𝑎𝑙𝑖𝑐 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟

𝑘𝑖𝑛𝑒𝑚𝑎𝑡𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟
=

𝑉2 𝐷ℎ𝑤2

𝜈2
=

(0.32952
𝑚
𝑠 )(0.0028868𝑚)

3𝑋10−7 𝑚2

𝑠

= 3170.8 

Note that Reynolds number is greater than 2300, therefore; the flow is turbulent. 

The friction factor in the water tube, 𝑓𝑤2: 

𝑓𝑤2 =
1.325

[𝑙𝑛 𝑙𝑛 (
𝜀

3.7 𝐷ℎ𝑤2
+

5.74
𝑅𝑒ℎ𝑤2

0.9 ) ]

2 =
1.325

[𝑙𝑛 𝑙𝑛 (
0.0005196

3.7 +
5.74

3170.80.9) ]
2 = 0.0442178 

Water tube entrance loss coefficient, 𝐾𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒: 

𝐾𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒 = 𝐾𝐿 (1 −
𝐴𝑟𝑒𝑎𝑤2

𝐴𝑟𝑒𝑎𝑤1
) = 0.42 (1 − 0.12976) = 0.3659 

Where 𝐾𝐿 is obtained from Appendix A. Also, note that the loss coefficient for a sudden 

contraction is a function of the area ratio,
𝐴𝑟𝑒𝑎1

𝐴𝑟𝑒𝑎2
,. 

 



Water tube exit loss coefficient, 𝐾𝑒𝑥𝑖𝑡: 

𝐾𝑒𝑥𝑖𝑡 = (1 −
𝐴𝑟𝑒𝑎𝑤2

𝐴𝑟𝑒𝑎𝑤3
)

2

= (1 − 0.12976)2 = 0.75731 

The density of water, 𝜌𝑤, = 1000
𝑘𝑔

𝑚3, and the length of the water tube, 𝐿𝑤2, is 0.2403𝑚. 

Additionally; 𝑘𝑤𝑜= 1 for sharp edged exit flow; see Figure App.A.4. And 𝑘𝑤4= 0.5 for sharp 

edged entrance flow; check Figure App.A.3 in the Appendix A section of this report. 

With all the calculated and know variables, the water pressure drop across the radiator can be 

calculated as follows. 

Water Pressure Drop Across the Radiator 

∆𝑝 = [𝑘𝑒𝑛𝑡𝑒𝑟𝑎𝑛𝑐𝑒 + 𝑓𝑤2

𝐿𝑤2

𝐷ℎ𝑤2

+ 𝑘𝑒𝑥𝑖𝑡]
𝜌𝑤𝑉𝑤2

2

2
 + [𝑘𝑤𝑜 + 𝑘𝑤4]

𝜌𝑤𝑉𝑤𝑜
2

2
 

∆𝑝 = ([0.3659 + 0.0442
0.2403𝑚

0.002999𝑚
+ 0.75731]

+  [(1 + 0.5)(2.668)2]) (
(1000

𝑘𝑔
𝑚3)(0.329522 𝑚

𝑠 )

2
 ) = 840.6 𝑃𝑎 

This value of water pressure drop, 840.6 𝑃𝑎 ,is generated at a specific water velocity of 

0.329522 𝑚

𝑠
, however, this is not always the case. Depending on the operating pump speed which 

has a maximum flow rate of 12 lpm, the volumetric flow rate of water changes and therefore 

changing the velocity. A graph representation is a better choice to express the water pressure drop 

for various volumetric flow rates. Figure 20 shows water pressure drop as a function of volumetric 

flow rate. Note, the pressure drop increases as the volumetric rate increases. 



 

Figure 20: Water pressure drop as a function of volumetric flow rate 

The motor and the inverter also contributed significantly to the total water pressure drop 

created by the system. The motor and the inverter have factory rated pressure drops of 90 kPa and 

30 kPa, respectively. Adding these pressure drops to the one calculated for the radiator gives a 

total water pressure drop of 120.84 kPa, with the pressure drop developed through tubes being 

negligible. This allowed us to determine the size of pump need. As long as the pump provides a 

head pressure large enough to overcome the systems pressure drop, it will work fine. on the 

electrical side of things, the water pump can not exceed 12V, as it is wired into the low voltage 

circuit of the car.  

We choose the Davies Craig EBP40 electric booster pump. This pump supplies enough 

head pressure to overcome the total pressure drop through the system at a decent flow rate. 

Mounting tabs for the pump were laser cut and welded to the frame (drawing in Appendix E). the 

pump required a straight fitting reducer and straight male to male barb to connect to the water 

tubing since its ID is ⅝” and the outlet of the pump is ¾”. 

Figure 21 below is a drawing of the overall cooling system assembly within the frame of the car. 

Included in the drawing is the bill of materials with everything included and the locations and 

connections between the motor and inverter.  



 



Budget 

Throughout the course of the year, we learned a lot about the specific workings of our 

subsystem. With some trial and error, it became apparent what would work and what would not. 

Due to this, certain items on our purchase request form inevitably needed to be returned as we 

pivoted and developed new strategies and approaches for the subsystem design. Resulting from 

this, our original anticipated budget amount gradually changing throughout both semesters. One 

major example in a significant budget shift was the decision not to incorporate the proposed 

experiment to model the cooling system separate from the car in order to empirically determine 

cooling load. Therefore, any and all items bought for the experiment were no longer needed and 

will be returned. As illustrated in Figure App.D.1, our original budget amounted to just over $900 

which was within the realm of what we were expecting. As denoted in the same figure, we 

highlighted item part numbers to be returned in red.  

Chapter 5: Discussion 

Designing and analyzing the cooling system for the Zips Formula Electric car was a great 

senior design project that exposed our group to the real life applications design team work of being 

an engineer. The work done for this project is essentially translatable to the automotive and HVAC 

industries. Fundamental laws and concepts had to be applied in order to complete this project 

successfully. Some of which include the law of thermodynamics and Bernoulli's conservation of 

energy principle. Although it was challenging to know where to begin since the Zips Formula 

Electric Race Car team had no cooling subsystem team before, now there is a solid foundation for 

the cooling teams to come to build upon. Appendix G of this report has an experimental proposal 

for the next year’s cooling team to perform and calculate the cooling load through experimentation. 

Chapter 6: Conclusion 

The four years of learning about what goes into becoming an engineering concludes with 

apply the knowledge in a senior design project. In successfully completing this project, we used 

principles learned in Thermodynamics, Heat Transfer, Fluid Mechanics and Concepts of Design. 

We were also able to create design which performed a specific task in accordance to Formula 

Electric guidelines and design choices made for the team as a whole. 

Next year’s cars 

 The design, calculations and general knowledge can be used by next year’s Formula 

Electric car team to build on. We wanted to leave next year’s team with recommendations for 



things to add that would improve the car even further. Some of these include a thermometer of the 

water in the system. Right now we can only see a readout of the max inverter and motor 

temperature when a computer is attached. It would be beneficial to track this more thoroughly with 

a thermometer in real-time while the car is operating. This coupled with a water flow meter would 

improve the cooling system further. Ultimately the cooling system pump or fan can be automated 

to turn on or off according to the temperature of the coolant. This is the same way a car thermostat 

works. This helps insure that the inverter and motor stay at their appropriate temperature. 

Additionally, Included in Appendix F is a layout of a suggested experiment which could be 

performed by the team next year.  
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Appendices 

Appendix A:  

Viscous Flow Loss Coefficients  

 

 

Figure App.A.1: Loss coefficient for a sudden contraction. [ref 2] 

 

Figure App.A.2: Loss coefficients for different pipe orientation. [ref 2] 



 

Figure App.A.3: Entrance flow conditions and loss coefficient. [ref 2] 

 

 

 

Figure App.A.4: Exit flow conditions and loss coefficient. [ref 2] 



Appendix B: 

Thermal Properties of Fluids and Metals 

 

Figure App.B.1: Thermal properties of water at different temperatures. [ref 1] 

 



 

 

Figure App.B.2: Thermal properties of different metals at different temperatures. [ref 1] 

 



 

Figure App.B.3: Thermal properties of air at different temperatures. [ref 1] 

 

 



Appendix C 

Provided by Manufacturers 

 

Figure App.C.1: Pump performance curve 

 

Figure App.C.2: Fan performance curve  



 

Figure App.C.3: Motor efficiency map 

Figure App.C.3: Peak/continuous power and torque curves as function of engine speed 



Appendix D:  

Finances 

 

Figure App.D.1: Bill of materials 

 

 

 

 

 

 

 

 

 



Appendix E 

Solidworks Drawings  

 

 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 

 

 



Appendix F 

Cooling Load Calculation Results 

Table App.F.1: Energy required to navigate each turn and/or slalom for the 2012 Lincoln 

Endurance Track. 

Corner Radius (m) Velocity (m/s) Time (s) Energy (Nm) 

1 30.2 23.091 0.775 10605.176 

2 12.4 14.796 0.885 7704.711 

3 9.9 13.221 0.673 5227.192 

4 15.1 16.328 0.741 7126.221 

5 20 18.791 0.532 5902.275 

6 21.1 19.301 0.632 7204.016 

7 188 57.612 0.278 9767.292 

8 31.9 23.732 2.141 30114.338 

9 40.3 26.674 0.499 7904.655 

10 17.7 17.677 0.769 8019.203 

11 17.2 17.426 0.918 9432.260 

12 19.1 18.363 0.958 10384.082 

13 50.8 29.948 0.521 9298.239 

14 21.4 19.438 1.096 12579.021 

15 15.8 16.702 1.772 17438.511 

16 8.3 12.105 1.768 12556.317 

17 24.8 20.925 0.755 9343.161 

18 13.7 15.552 1.029 9416.639 

19 12.4 14.796 0.750 6528.419 

20 15.9 16.755 0.734 7246.746 

21 22.9 20.107 0.801 9513.704 

22 15 16.273 0.498 4770.217 

23 13.9 15.665 2.036 18776.303 

24 39.1 26.274 1.340 20913.253 

25 25.6 21.260 2.404 30226.353 

26 52 30.299 0.759 13713.156 

27 19.5 18.555 1.741 19060.369 

28 10 13.287 0.963 7518.204 

29 28.7 22.510 1.319 17587.310 

30 17.3 17.477 0.704 7251.374 

31 8.8 12.465 1.476 10799.530 

32 20.5 19.024 1.046 11747.947 

33 8.1 11.958 1.187 8330.676 

34 22.5 19.931 1.490 17547.396 

35 17.2 17.426 2.709 27825.167 

36 20.9 19.209 1.317 14938.267 

37 10.9 13.872 1.153 9402.632 

38 9.7 13.086 0.978 7516.864 



39 10 13.287 1.505 11747.193 

40 18.6 18.121 1.247 13331.256 

Totals   44.901 486315.647 

 

 

Table App.F.2. A & B: Summary of acceleration, braking, and maximum velocity in endurance 

course straight sections. 

Straight No. 1 2 3 4 5 6 7 

Length (m) 51.3 29.1 47.4 2.5 60 11 13.1 

Entrance Velocity (m/s) 18.121 23.732 29.948 15.156 12.105 16.273 26.274 

Acceleration Time (s) 1.620 0.779 0.589 0.000 2.408 0.370 0.000 

Acceleration Distance (m) 38.112 20.524 18.962 0.000 47.744 6.326 0.000 

Acceleration Energy (Nm) 97669.737 53851.238 59080.498 0.000 115112.112 10612.197 0.000 

Max Velocity (m/s) 28.934 28.934 34.446 15.156 27.556 17.912 26.274 

Max Velocity Distance (m) 4.580 5.017 5.540 0.145 3.152 2.538 6.351 

Max Velocity Time (s) 0.158 0.173 0.161 0.010 0.114 0.142 0.242 

Max Velocity Energy (Nm) 2364.362 2590.350 3868.523 28.967 1499.450 627.539 2792.940 

Braking Time (s) 0.331 0.128 0.850 0.173 0.376 0.127 0.284 

Braking Distance (m) 8.608 3.559 22.898 2.355 9.104 2.136 6.749 

Exit Velocity (m/s) 23.091 26.674 19.438 12.105 20.925 15.665 21.260 

 

Straight No. 8 9 10 11 12 13 Totals 

Length (m) 10.1 30.7 61.6 17.6 6.3 5.9 346.6 

Entrance Velocity (m/s) 18.555 22.510 12.465 19.931 19.209 13.872  

Acceleration Time (s) 0.155 0.596 2.352 0.397 0.000 0.000 9.266 

Acceleration Distance (m) 2.939 14.514 47.057 8.340 0.000 0.000 204.518 

Acceleration Energy (Nm) 5323.174 34822.754 113562.175 17072.320 0.000 0.000 507106.206 

Max Velocity (m/s) 19.289 26.179 27.556 22.045 19.209 13.872  

Max Velocity Distance (m) 1.624 5.430 3.290 4.097 1.301 5.300 48.365 

Max Velocity Time (s) 0.084 0.207 0.119 0.186 0.068 0.382 2.047 

Max Velocity Energy (Nm) 444.898 2373.594 1565.154 1365.463 354.254 955.770 20831.262 

Braking Time (s) 0.340 0.493 0.483 0.262 0.302 0.045 4.193 

Braking Distance (m) 5.537 10.757 11.253 5.163 4.999 0.600 93.718 

Exit Velocity (m/s) 13.287 17.477 19.024 17.426 13.872 13.086  

 

 



Appendix G 

Weighted Decision Matrices  

Table App.G.1: Weighted decision matrix for using ABS ducting 

 

Table App.G.2: Weighted decision matrix for using sheet metal ducting 

 

Table App.G.3: Weighted decision matrix for using fiberglass ducting 

 

 

 

 



Table App.G.4: Weighted decision matrix for using aluminum tubing 

 

Table App.G.5: Weighted decision matrix for using silicone tubing 

 

Table App.G.6: Weighted decision matrix for using PVC tubing 

 

 

 


