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ABSTRACT
In this thesis I worked on the design and analysis of a cooling system for the electric
motor of the MIT Electric Vehicle Team's Porsche 914 Battery Electric Vehicle. The
vehicle's Azure Dynamics AC24 motor tended to overheat (up to around 140C), which
caused the motor controller to limit the maximum power of the motor. The maximum
operating temperature of the motor is listed as 55C. The power limitation prevented the
vehicle from achieving its top possible speeds, reaching only 87mph when it should get
to over 100mph. To solve this problem, I designed a heat-exchanger system that runs
coolant (a mix of water and ethylene glycol) through aluminum passages over the motor
surface. The coolant then enters a heat-sink apparatus which consists of winding copper
pipes attached to an aluminum array of fins (the heat sink) which convect away the heat
into the moving ambient air. I found that with this system, at an ambient temperature of
50C, the maximum motor temperature would be about 72.61C. Even if the air
temperature is 32C (89.6F), the maximum motor temperature will only be 54.7C, which
is within the listed operating temperature of the motor and meets our goal. The total cost
of this system is estimated to be $646.91.
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I. INTRODUCTION
The Electric Vehicle Team (EVT) at MIT focuses on researching electric vehicle technologies
and accomplishes this by converting electric vehicles. One of the projects that the team is
working on is a converted 1976 Porsche 914 battery electric vehicle (BEV). The vehicle uses
Valence Technology lithium-ion batteries and an AC induction motor. The electric motor is an
Azure Dynamics AC24 3-phase AC induction motor, seen in Figure 1.

Figure 1: AC24 Electric Motor

One of the major problems that the team is having with vehicle performance is that the electric
motor often overheats, which causes the motor controller to not allow maximum motor power.
This power limiting causes the vehicle to achieve limited maximum speeds, the fastest of which
was recorded to be 87mph, when it should be able to get to over 100mph. The team has recorded
motor surface temperatures of up to 140C, which is extremely hot. The AC24 specification sheet
states that the maximum operating temperature of the motor is 55C, well below the recorded
140C. The focus of this research effort is to design and analyze a cooling system that will
dramatically reduce the motor temperature and allow the vehicle to achieve higher maximum
speeds by keeping its temperature within the range of acceptable operating temperatures.
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II. BACKGROUND
1. MOTOR HEAT

The AC24 motor runs at a sustained 30kW, and is 89% efficient. This means that about 3.3kW of
heat is rejected by the motor into the environment. Currently, the only method of heat rejection
that the motor surface has is convection with the ambient air that is passing by it as the vehicle
drives. Since the motor reaches such high temperatures (140C), the convection directly off the
motor is clearly not enough to effectively dissipate all the heat that the motor is producing. Too
much heat remains in the motor and it gets very hot. The best way to dissipate all of this heat
away from the motor surface is by using heat exchangers.

2. HEAT EXCHANGERS

Heat Exchangers are devices that efficiently transfer heat from one medium to another. Heat
cannot be destroyed; it simply must be transferred away from the heat source and into another
medium. All heat exchangers have a heat source and some low temperature source, with the
overall temperature gradient acting as the driving force behind heat transfer. In our case, we
know the heat transfer that we must get from the hot source (the motor), and that is 3.3kW. We
also can determine the temperature of the low temperature source, which is the ambient air. Our
heat exchanger system must transfer this 3.3kW of heat to the ambient air. With this
accomplished, we will be able to determine the temperature of the heat source (the temperature of
the motor). Figure 2 below illustrates a simple model of heat exchange between a hot and cold
temperature source.
UA

Q
Figure 2: Heat Exchange Model
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The heat transfer here, Q, is given in terms of the hot and cold temperatures, and also by the heat
transfer coefficient UA which is determined by the configuration and properties of the heat
exchanger design and the method of heat transfer. The equation that relates these values is:

Q = UA(Th

c)

The method we will use to transfer our heat to the air is convection. The car is moving, and so
the air is moving relative to the car. The faster the air moves, the more convection well will
achieve and the more efficient our heat exchanger will be. Figure 3 illustrates a heat exchanger
that uses air flowing through an array of fins to convect heat.
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Figure 3: Convective Heat Transfer with Moving Air

This device is referred to as a heat sink. In this model, the heat source observed as the red plate
below the fin array and the heat transfer Q is coming from that source. However, our heat source
is the motor, and we will most likely not be able to have the heat sink directly attached to the
motor. This would limit us in several ways. For one, we would only be able to have as much
heat sink area as we could fit on the motor, and we want as much heat sink area as possible.
Additionally, attaching a lot of heat sink to the motor would be a difficult task itself. We

therefore need to have two stages of heat transfer. The first stage transfers heat from the motor
into some type of transport coolant fluid. The second transfers the heat from the coolant fluid to
the ambient air using a heat sink like the one in Figure 3. The design of the system must cover
both of these heat exchange elements.
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III. DESIGN
The design of the cooling system involves two major heat exchange components. The first needs
to remove heat from the electric motor, and the second needs to dissipate that heat out of the
system by means of a heat sink. After consulting with members of the EVT, it was decided that
the best means accomplishing this would be with a liquid cooling system with coolant running
through the heat exchangers.

1. COOLING BLOCKS
The first element of the system we will examine is the heat exchanger that will be attached to the
motor to remove excess heat. On the AC24 motor, there are 4 feasible locations around the
circumference that could be attachment points for the cooling units. The top, bottom, left, and
right sides of the motor are all flat and cover fairly significant surface area, which would allow
for substantial heat transfer. Therefore, there are 4 cooling units that will attach to the motor.
The mounting locations for these units can be seen in Figure 4.

CoolingJ
Block

Stufaces

Figure 4: Cooling Block Mounting Locations

These units, or cooling blocks, need to pass a stream of water over as much surface area of the
motor as possible to maximize heat transfer. It is necessary to design the water passages to have
both significant diameter and overall length, which is made possible by milling the passages into
aluminum blocks. This allows for a very sharp turn radius and limited wasted space. Aluminum

...........

has high thermal conductivity (about 250 W/mK) and is relatively inexpensive and easy to
machine, so it is a viable material choice. Due to the difference in dimensions of the two side
mounting surfaces from two on the top and bottom surfaces, two different cooling block designs
are necessary. The two blocks that fit on the top and bottom of the motor have to be less wide
than the two on the side surfaces in order to fit. An image of the design of the cooling blocks can
be seen in Figure 5, and their layout can be seen in Figure 6.

Figure 5: Cooling Block Design

Figure 6: Cooling Block Layout Around Motor

All four aluminum blocks are 23.5cm long, and the top and bottom blocks have a width of 6.9 cm
while the side blocks have a width of 11.4cm. The channels themselves have a rectangular crosssection, and they are 14.7mm deep and 9.5mm wide. The total length of channel across all four
blocks is 5.688m. The cooling blocks will be sealed by a thin cover piece of aluminum (with the
same area dimensions as the blocks) which will close the channels. This seal needs to be watertight since it closes the flow channel. This can be done using thermal grease, which has
extremely high thermal conductivity, as an adhesive and to make sure the heat flow fully
surrounds the channels. The bottom of the cooling blocks will be the side that will contact the
motor, and thermal grease can be used here as well to ensure maximum conductivity. The
cooling blocks will be bolted directly onto the motor mounting locations, with the bolts going
through the cover piece, cooling block, and into the motor to hold all parts tightly together. With
the four cooling blocks properly mounted, plastic tubing will run from the exit of one block to the
entrance of the next to complete the coolant's flow path. The same tubing will eventually
connect the cooling blocks to the rest of the system as well (including the pump and heat sink
component).

2. HEAT SINK COMPONENT
The second crucial element of the system is the heat sink component, which will dissipate the
heat that the coolant carries from the motor. The EVT shop is already in possession of a large
amount of aluminum heat sink surface stock. A heat sink, more technically called an extended
surface, is no more than a means to increase the amount of surface area through which heat is
transmitted to the environment. Ours is essentially a large array of aluminum fins that increase
our surface area to the air flowing under the car which will transfer away heat through forced
convection. An example cross section of the fin profile can be seen in Figure 7.
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Figure 7: Cross Section of Heat Sink Stock

The fins are 0.15cm wide and 5.3 cm tall. The space between fins is 1.55cm, and the thickness of
the aluminum plate at the base connecting the fins is 0.2cm. To maximize our total heat transfer,
we want to use as much heat sink area as possible (that is, have as much total length of fin as
possible). This is accomplished by simply determining all the free space under the car
surrounding the motor. The best layout for the heat sinks has been determined to be broken into
four separate heat sink sections, all positioned around the motor. A layout of these sections, as
viewed from under the car, can be seen in Figure 8, along with an isometric representation in
Figure 9.
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Figure 8: Heat Sink Section Layout

Figure 9: Heat Sink Isometric View

The heated coolant (coming from the cooling blocks on the motor) needs to transfer the heat to
the heat sinks. To do this, the coolant will run through copper pipes which are attached to the flat
surface of the heat sink components. The copper pipes will be attached with thermal epoxy to the
heat sinks to maximize heat transfer from the pipes to the heat sinks, since the thermal epoxy
effectively has negligible thermal resistance. The diameter of the copper pipes is determined by

trying to get a similar cross-sectional area to the channels in the cooling blocks. This inner
diameter has been determined to be 1.384cm, with an outer diameter of 1.588cm (this is a
standard 5/8" pipe). We want to maximize the length of copper pipe passing over the heat sinks
(since this length is also proportional to total heat transfer). To accomplish maximum length, the
copper pipes must run in a winding pattern over the entire heat sink area. To achieve this
winding pattern we must use 180-degree U-bends. The tightest turning U-bends found for 5/8"
pipe are 7.62cm (3") center to center. Using this bend radius and these pipes, the layout for the
winding copper pipes has been determined and can be seen in Figure 10 and an isometric
representation and be seen in Figure 11.

Figure 10: Layout of Winding Copper Pipes
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Figure 11: Copper Pipes Isometric View

These copper pipes are rated to an internal working pressure of about 5 to 8 MPa. However, the
real limiting factor is the soldered joints that connect straight pipes with the U-bends. Using a
95/5 Tin/Antimony solder, the joins are rated to 3.447* 105 Pa. Taking a safety factor of about 2,
we should be able to safely pressurize the coolant in the pipes to 1.5* 105 Pa, which will be our
maximum allowable operating pressure in the system.
The plastic tubing that connects all the components of the system together has a diameter of
6.35mm. There are 3 lengths of tubing connecting cooling blocks to each other on the motor,
each at about 0. 1m of length. There are also 3 lengths of tubing needed to connect 3 of the heat
sink components together, each at a length of about 0.3m. Finally there is an estimated 0.6m of
necessary tubing remaining to connect both heat exchanger elements to the pump. The total
estimated length of tubing necessary is about 1.75m. A diagram of the system layout can be seen
in Figure 12.

.
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Cooling Blocks

Figure 12: System Layout

The specifications of the pump need to be determined after analyzing the system, since aspects
like necessary pressurization and mass flow rate need to be determined. One more thing that
needs to be determined in the design is the fluid that will be used as a coolant. After doing some
research, I determined that antifreeze (ethylene glycol), mixed 50% by volume with water, was a
typical coolant fluid used in automobiles. This mixture has a freezing point of -37C, which
means it will not freeze in the winter. Its boiling point is also slightly increased, though as will be
seen in the analysis section, the coolant will never reach temperatures high enough for this to be
an issue.

IV. TECHNICAL ANALYSIS
We will now systematically analyze the properties of heat transfer fluid flow of the design
choices that have been made in order to fully analyze the system. Then, we can make the final
design decisions, such as the kind of pump we will use and our mass flow rate. Additionally, we
will be able to analyze the effectiveness of this design. A diagram of our heat transfer model can
be seen in Figure 13.

Q.R
Cooling Blocks

Pump

Heat Sink

Figure 13: Diagram of Heat Transfer Model

1. HEAT TRANSFER IN COOLING BLOCKS
The electric motor runs at a sustained 30kW, and according to the AC24 spec sheet, the motor is
89% efficient. This means that approximately 11% of the 30kW (3300W ) will be given
dissipated as heat. Assuming that the convective heat transfer to the air directly off the motor is
negligible, we can say that all of this heat is transferred into the cooling blocks and our value of
heat transfer (Q) is 3300W. This will give us maximum possible heating of the coolant, so we
know at most how much heat we must remove from the system via the heat sinks. We can
assume a constant heat flux into the passages containing the coolant since we know the total
surface are of these passages. This heat flux is determined by equation 2.

q

3300W

W

-11972

(2)

m

passages passages

Where Ppassages is the perimeter of the passages and Lpassages is the length of the passages. Using
this heat flux, we will be able to determine the total temperature increase in the network of
cooling blocks. This change in temperature is given by equation 3, which is true for flow through
a channel with a constant heat flux.

olut

in.-T _

(3)

passagesLpassages

The value for the optimal mass flow rate (rh ) will be determined later, and the value for the
specific heat capacity (cy) of the coolant will be determined when we know the approximate
range of temperatures that the coolant reaches in the system (as specific heat capacity is
dependent on temperature).

2. HEAT TRANSFER IN HEAT SINK COMPONENTS
The total heat transfer in the heat sink part of the system has to be equal to the heat transfer from
the motor (Q), which we know. To determine our inlet and outlet temperatures, we must first
determine the overall heat transfer coefficient (UA) of the system. There are four separate heat
transfer elements that occur. The first is convection from the coolant to the walls of the copper
pipe. The second is conduction through the pipe, and then conduction through the aluminum base
of the heat sink. Finally there is convection with the outside air passing by the fins. One way to
look at the heat transfer is as a resistance network, with thermal resistance being equal to the
inverse of the overall heat transfer coefficients ((UA)-'). A diagram of the resistance network can
be seen in Figure 14.

UAfins;

UAamuniinum~

UAconner

1

Tair

UAcnvI

Tcoolant

Figure 14: Thermal Resistance Network

We must find the UA for each of these elements. The first we will look at is the UA for the fins,
beginning with only one fin. The value for the UA of a fin is given by equation 4:

UA=hPkAc tanh

hPf1(4
^ LI
fkAc

Where h is the heat transfer coefficient between the air and the fin, Pfln is the perimeter of the
cross-section of a fin, Ac is the cross-sectional area of a fin, k is the thermal conductivity of
aluminum (250 W/mK), and L is the length of a fin. To get Pfn and Ac, we have to estimate the
average depth of all of our fins, which is 0.2952m. This depth along with the thickness of each
fin (1.5mm) will give us the values of Pfln and Ac. We now have all of the values necessary to
calculate the UA except for h , which we need to find. We will model the airflow between the
plates as flow through a smooth duct (which the parallel plates essentially act as) with a hydraulic
diameter show in equation 5:

(5)

4A=
P

With Ac being the cross-sectional area of the duct (distance between fins times length of fins) and
P being the perimeter of this cross section. We will make our calculations using properties of air
at 50C (122F), which is a very high, worst-case scenario estimate of the air temperature. These
properties are shown in Table 1:

Table 1: Properties of Air at 50C

k (W/mK)

0.0279

p (kg/r 3)

1.097

pU
(kg/m*sec)

1.967*10-5

c, (J/kgK)

1007

Pr

0.71

We can now calculate the Reynolds number of the air flow, assuming the car is traveling at
60mph (26.82 m/s), in equation 6:

ReDH

pvD

PVDH -35889

(6)

Where p is the density of air at 120C, p is the dynamic viscosity of air at 120 C, and v is the
velocity (26.82m/s). Since we are in the regime of turbulent flow (Re>2300), we can use the
Reynolds Number and Prandtl Number (Pr) to calculate the friction factor and Nusselt Number
for the flow, and then the convective heat transfer coefficient h, shown in equations 7, 8, and 9:

f

= (0.79 1n(Re)-1.64)- 2 = 0.02264

(7)

f (Re- 1000) Pr
Nu-

8 )

=81.317

1+12.7f

8

h=

Nuk
DH

(8)

(Pr 3-1)

=94.52

W
2
2K

(9)

Where k is the thermal conductivity of air at 50C. We now have all the information we need to
calculate the UA of heat transfer for one fin in this configuration using equation X, which yields
the result UAfin = 2.072W/K. Since we have a total of 104 fins, the total UA for all the fins is
UAfi = 215.503W/K.

There are also the two elements of conduction in the heat sink component: conduction through
the copper pipe and conduction through the aluminum base of the fins, both of which have their
own corresponding UA values. The UA of conduction through the copper pipe is given in
equation 10:

UAopper

2izkL
-

W

=137782.4-

IninD]
D
(Di

(0
(10)

K

Where D, and Di are the outer and inner diameters of the pipe, k is the conductivity of copper (k =
401 W/mK), and L is the length of copper pipe (L = 7.49m). The UA for conduction through the
aluminum base of the fins is given in equation 11:

UAal

kA
rnum=

L

=65875

W

(11)

K

Where k is the thermal conductivity of aluminum (k = 250 W/mK), A is the total area of the base
of the fins (A = 0.5271m 2), and L is the thickness of the base (L = 2mm). We now have only one
heat transfer element left to examine: the convection of the coolant in the copper pipes. To attain
the UA for this convection, we must first find the Reynolds number for the flow. However, this
number is based on the mass flow rate of the coolant through the system, which has not yet been
determined. Making these calculations is an iterative process - we must make a guess of the
values of mass flow rate and temperature within the system before we can find what they actually
should be. Since I have done this, and for the sake of simplicity in explanation, I will use the
properties of coolant at 70C. After the analysis is complete, it will be apparent that the coolant
will be at temperatures close 70C when the outside air is assumed to be 50C, so these property
values will be accurate. Additionally, I will use the final determined value of mass flow rate to
perform these calculations, which is rh =0.1945kg/s. With these parameters established, the
values for the properties of coolant at 70C can be found in Table 2:

Table 2: Properties of Coolant at 70C

k (W/mK)

0.4135

p (kg/m 3)

1026.7

P

9.5*10-4

(kg/m *sec)
c, (J/kgK)

3558.78

Pr

8.176

With these properties of the coolant, we can find the Reynolds Number of the flow in the copper
pipes with equation 12:

Re =

4rh

(12)

=18831.1

zDp
Since we are in the turbulent regime (Re>2300), we can apply equations 7, 8, and 9 to get the
friction factorf, Nusselt Number Nu, and convective heat transfer coefficient h for this flow. The
results are as follows:

f = 0.026559

Nu = 149.47

h = 4464.78W/m 2K

The UA for the convection is then given by simply multiplying h by the total surface area of the
pipe:
UAconv = hA = hzD.L,.p

(13)

1454.325 K

pipe

K

We now have all four of the UA values we desired in the heat sink component of the system, and
can find the overall UA for the heat sink. The UA values are additive inverses, so the overall UA
is given by:

(UA)r =(UA,

+UA

1 +UAa-,

+UAco,1

con'
i

186.9037 W
K
6 9 0

(14)

With the total UA for heat transfer in the heat sink, we can now use c-NTU analysis of heat
exchangers to determine the temperatures of coolant at various locations in our system.

3. E-NTU HEAT EXCHANGER ANALYSIS
The easiest way to analyze heat exchanger behavior is through the c-NTU method. This method
looks at e, the overall effectiveness of the heat exchanger, and NTU (number of transfer units),
which is essentially a dimensionless representation of the size of the heat exchanger. The NTU
for our heat exchanger in the heat sink componentis determined by equation 15:

NTU

-

(UA)T -0.27

(15)

mc,
And , is determined by equation 16:

e = 1- exp(- NTU)= 0.23664

(16)

With the value of F, we can now determine the outlet temperature of the heat sink as a function of
the inlet temperature and the ambient air temperature with equation 17:
T.t = T, - eC(T, - Ti' )

(17)

The outlet temperature of the heat sink component has to equal the inlet temperature of the
cooling block component (this is the coolest temperature the coolant reaches), and the outlet
temperature of the cooling block component has to equal the inlet temperature of the heat sink
component (the hottest temperature the coolant reaches). So essentially, we have two equations
(X and X) and two unknowns (the hot and cold temperatures). By combining equations X and X,
we get that, at an ambient air temperature of 50C, the cold temperature Tc = 65.38C and the hot
temperature Th = 70.15C. This is what the coolant temperatures would be for the very hot
ambient air temperature of 50C, but we can use the model we have created to predict these
temperatures for any ambient air temperature we want. The model will be most accurate when
Tai =

50C since this is the temperature we used to determine air and coolant properties, but the

model should still hold up fairly well for estimating at cooler air temperatures.

4. DETERMINING MOTOR

TEMPERATURE

The motor temperature can be approximated as the wall temperature of the passages in the
cooling blocks (in reality it will be slightly different, but conduction in aluminum is very high so
this difference is negligible). To get this wall temperature we must first find the convective heat
transfer coefficient h, which we can find by using the same method as in the copper pipes. First
we get the velocity of flow inside the cooling block passages using the cross-sectional area of the
passages and the simple relation:

v=

pA,

=1.353

(18)

s

We now can use equations 6, 7, 8, and 9 to get the Reynolds Number, friction factor, Nusselt
Number, and he :
Re = 16890.8

f= 0.027318

Nu = 135.683

heonv= 4857.58W/m 2K

We can now use Newton's Law of cooling to determine the wall temperature of the passages as a
function of the coolant temperature:

T= T
w coolant

4 h(19)
hrn

Since we have the coolant temperature at the inlet and outlet of the cooling blocks, and therefore
the hottest and coldest coolant temperature, we can use equation 19 to get the hottest and coldest
temperatures of the motor, giving us an approximate temperature range at which that the motor
will be. We can do this for a variety of ambient air temperatures. Results for several air
temperatures can be seen in Table 3:

Table 3: Motor Surface Temperatures
Air Temperature

Hottest Motor

Coldest Motor

(C)

Surface

Surface

Temperature (C)

Temperature (C)

20

42.61

37.84

30

52.61

47.84

40

62.61

57.84

50

72.61

67.84

5. HEAD Loss AND PRESSURE DROP
The final aspect of the system we must examine is the overall pressure drop through the pipes,
tubes, and cooling blocks due to frictional and minor losses. This information will tell us the
minimum amount that we have to pressurize the coolant with our pump at a particular mass flow
rate to keep the flow going. We also have to keep in mind that our maximum allowable pressure
in the pipes is 1.5* 105 Pa, so our chosen mass flow rate must not give us a pressure drop greater
than that value. We will conduct the analysis with our mass flow rate of 0.1945kg/s and our air
temperature of 50C as we did before. To get the total head loss through the system, we have to
look at both major and minor losses. We will examine major loss first. Major losses are
frictional losses - they are the result of friction of the flow with the walls of the conduits. This
major head loss term is given by equation 20.

h~maj,.

=

L v 2
f D av2

(20)

-

Where f is the friction factor, L is the length of conduit, D is the diameter, and Vare is the average
velocity through the section of conduit. We have three different sections of conduit: the copper
pipes, the passages in the cooling blocks, and the plastic connective tubing. We have the
dimensions of all these elements, and we've already calculated the friction factors in the copper

pipes and cooling blocks. By using equations 18, 6, amd 7. we can get the flow velocity,
Reynolds Number, and friction factor in the plastic tubing, which are:
Re = 31836.1

v = 5.982m/s

f = 0.0233

We now have all the information we need to calculate the three major loss terms. The values for
these are shown in Table 4:
Table 4: Major Loss Terms
Conduit

Major Head Loss

Section

hi,major (m 2/s 2 )

Copper

11.309

Pipes
12.317

Cooling
Blocks

114.892

Plastic
Tubing

138.518

Total

We now need to find the total contribution from minor head loss. There are three types of minor
loss that we see in our system: loss from increase in the flow's cross-sectional area, loss from
decrease in the flow's cross-sectional area, and loss from the U-bends in the copper pipe and
cooling blocks. Each of these types of loss corresponds to a minor loss coefficient, K. The
increases in cross-sectional area occur when the plastic tubing passes into one of the cooling
blocks or into one of the heat sink's copper pipe sections. There are a total of 8 of these, and the
loss coefficient is given by:
2

Kent,

=

- A'
A2,

(21)
=0.599

Where A, is the tubing cross-sectional area and A 2 is the larger cross-sectional area. The
decreases in cross-sectional area occur when the copper pipes or cooling blocks pass back into the
plastic tubing. There are also a total of 8 of these, and the loss coefficient is given by:
(A>

511
Kxzt = 0.5j

2

(22)

= 0.387

A,

Where A, is now the larger cross section and A 2 is now the tubing cross-section. Finally, the loss
coefficient for the U-bends is given as

Kbends

= 1.5, and there are a total of 22 U-bends in the

cooling blocks and 25 U-bends in the copper pipes. The equation for total minor head loss is
given by:

Z

k'iminor)i%

( v )2

2K =
=

200.85

12

s

2
2

(23)

Where (Vave)i is the velocity of the flow at the occurrence of loss. In the case of cross-sectional
area change, this velocity is the greater of the two (the velocity in the plastic tubing). We now
have our total head loss: h,,,,,i = 339.368. With this value we can calculate the total pressure drop
from head loss, which is equal to:
AP =ph,tta, = 348429.1Pa

(24)

So we must find a pump that can compensate for this total head loss yet not exceed 1.5*106 Pa.
The pump I found, called the Chilipepper CP6000, can pump to a pressure of 60PSI (4.137* 105)
at 3gallons/min (0.1945 kg/s). This is in fact the mass flow rate we have been using the entire
time, and the pressure of the pump is enough to overcome the pressure drop from losses. When I
originally performed these calculations, I used an iterative spreadsheet that allowed mass flow
rate as an adjustable variable and then reported the data for coolant temperature, motor
temperature, and the pressure drop. By trying different mass flow rates and observing different
pressure drops and pump specifications, I was able to select the Chilipepper CP6000 as the pump
for the system that offered adequate pressurization and this mass flow rate. The pump uses 1/3
HP (248.6) of power, which is how much power we must expend to cool the motor.

V. COMPONENTS/COST
The Electric Vehicle team already has the heat sink stock, so that does not need to be purchased.
What does need to be purchased is the copper pipe, copper U-bends, pump, thermal epoxy,
aluminum blocks, and plastic tubing. The amount of material and pricing estimates can be seen
in Table 5. The total cost of the system would be $646.91.
Table 5: Pricing Estimates
Component

Amount

Pricing

Total Price

5/8" Copper Pipes

14.8 ft

$59.45/25ft

$59.45

Thermal Epoxy

116oz Bottle

$41.00/lb

$41.00

Copper U-bends

25

$6.75/piece

$168.75

%" Plastic Tubing

5.741 ft

$6.01/10ft

$6.01

CP6000 Pump

1

$179.99

$179.99

Aluminum Stock

14.41"x9.5" of 3/8"

$191.71 for 18"x12"

$191.71

Stock

piece
Total:

$646.91

VI. CONCLUSIONS
After analyzing the functionality of the system, we can determine that we will greatly reduce the
motor temperature with this cooling system design. The motor originally reached temperatures of
around 140C, and the motor controller would sense this hot temperature and not allow maximum
power. The car, therefore, could only get up to a maximum of 87mph. With this cooling system,
the absolute hottest any part of the motor would get would be 72.61C if it was an extremely hot
day (50C). This alone is an immense improvement on the motor's current observed temperature.
On a more normal day, where the air temperature is around 20C, the motor will not get above
42.61C. According to the AC24 spreadsheet, the maximum operating temperature is 55C, and
this is probably a conservative estimate. This means that even if we are running the vehicle on a
day where the air is at 32C (89.6F), the maximum motor temperature (54.6C) will still be in the
acceptable operating temperature range and we will be able to get maximum power for the motor.
Hopefully, without the controller's limitation, the vehicle would be able to get to speeds of over
100mph as it is supposed to. All this is accomplished by our cooling system which costs
$646.91.
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