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Abstract 

 
HEAT REMOVAL ANALYSIS USING NTU/ MICROSCOPIC THEORY AND 

EXPERIMENTAL FLUID TESTING OF RADAITORS, PUMPS AND  

FANS FOR THE THERMAL MANAGEMENT SYSTEM 

 OF FORMULA SAE ELECTRIC RACECAR 

 

Shahzad S. Bulsara, MS 

 

The University of Texas at Arlington, 2015 

 

Supervising Professor: Robert L. Woods 

Formula SAE at UT Arlington has always been building well engineered race cars, 

further being one of the top teams in The United States. However, an electric race car 

being first in the fleet, cooling of electric motors played a vital role. The thermal system 

being significantly different from combustion cars, consists of a lower heat application. It is 

always favourable to maintain electronics as close to ambient temperature as compared to 

its counter hydro-mechanical engines. To attain the objective, a complete thermal & fluid 

analysis was carried out using the NTU method/ microscopic theory and experimental 

results associated towards achieving system resistances/ pressure drop relations using 

frictional factors for the appropriate size of a dual pass radiator, water booster pumps and 

high profile fans.  

Further, with system and pump/ fan curves, I received forecasted and actual 

operating points which in turn enables the team to have a better judgement and analytics 

towards the selection of the same. 
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Chapter 1  

INTRODUCTION 

Radiator Package 

It is defined as a sub system which is connected to a heat source (system of focus) 

in order to maintain the latter at its optimum temperature, further resulting in an overall 

balanced system performance. 

In our case, the system of focus are the 4 in-wheel electric motors (Parker) which 

need to be cooled and further maintained below 70ºC especially for the MOSFETs, which 

act as electronics for the motors. The threshold point of motors to avoid depolarization is 

85ºC. As far as electronics is concerned, the lesser the temperature, the better it is for them 

to work efficiently without problems. Unlike a combustion engine, the fluid (water in my 

case) circulating in this system is desired to flow at a lowest possible temperature, almost 

equivalent to room temperature. Furthermore, you also don’t want to expend a lot of energy 

on this system to make it heavier, as well as pull in more amps which in turn works against 

us during endurance or as a matter of fact, the objective of car weight reduction. 

Figure 1-1 Radiator Package (reperesentation only)
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System Layout 

I had to decide upon 3 options for the piping layout which was complete series, 

complete parallel or a combination of both. The latter most gave an optimal solution which 

reduces weight, complexity of the lines running through the car as well as maintaining all 

the motors at almost same temperatures. 

 

Figure 1-2 Piping Layout 

Further, the rear motors produce twice as much power as the front, and hence 

water flows in the rear motors first in parallel and then obeys the series rule for entering on 

their respective sides, the front motors. The outlet of the front motors again use parallel 

combination, which is why it is termed as a combination of series and parallel. Demerits of 

only parallel combination include, 60% increase in pipe length, 6 tee joints and pipe layout 

complexities. 
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System Components 

Radiator 

The below radiator is designed on SolidWorks which represents a close to an 

accurate design as that of a Griffin radiator. 

 

                             (a)                                                       (b) 

Figure 1-3 Two sides of the designed radiator (a) with shroud and (b) opposite side 

It is a dual pass cross flow type radiator consisting of 10 tubes in a single pass i.e. 

20 tubes dual pass. The material used is Aluminum Alloy 3003 series for which the thermal 

properties are considered. The dimensions are standardized as mentioned in the pdf files 

on Griffin website. My analysis considers 220 fins per row (justified as 17 to 19 fins/inch). 

The reason for deciding upon 0.75 OD for the inlet/ outlet is that we have more 

standardized pipes and pump inlets for ¾ inch which results in a lesser pressure drop. 

Further, this complete package involves the arrangement of a fan with a shroud on the 

radiator core area. 

 

Cooling Medium 

The system uses pure water as mentioned in the FSAE 2015 rulebook which 

means a denial to the use of glycol. The steady state temperature for the system is 
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approximately 50ºC and further the thermal properties are considered for the same. We 

could have used oil as well but it would lead to a larger flow rate and bigger tubes. Further, 

the thermal conductivity of water is almost four times and the specific heat is twice as much 

compared to oil. Lastly, distilled water is low on initial as well as running cost. 

 

Flexible lines/ hoses & clamps

Figure 1-4 Hoses & Clamps (representation only) 

These flexible lines shall be used in complicated pathways such as the radiator to 

pump, pump to motor through zip tied formations on the A arms (suspension). The inlet 

diameter will be ¾ inch and further clamps placed on every connection. The application 

doesn’t require high pressure as well as high temperatures. They need to be stiff but 

flexible, which in turn means a lower radius of curvature. 

 

Hard lines 

 

Figure 1-5 Aluminum lines (representation only) 

The inflexible lines will be Aluminum 6061 as it maintains a good balance in weight 

and conductivity as compared to copper and steel. These pipes have to be equal in length 
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to maintain the system symmetry. Further, McMaster has good rates for the same. 

Furthermore, as planned the OD for these tubes shall be ¾ inch. 

 

Tee’s 

 

Figure 1-5 Tee Joints (representation only) 

As far as tee joints are concerned, we will require two of them on either sides of 

the car which will further split the mass flow rate almost equally when analyzed 

pragmatically. The ID of bends shall be ¾ inch, same as that of tee joints with the ID. 

 

Water Pump 

 

Figure 1-6 EBP 15 (represenation only) 

For our analysis, we will need a pump throwing out 3.5 to 4 gpm. The selected 

pump should pull in less amps, have working pressure more than the pressure drop of the 

system, compact design, light in weight and driven by a 12V DC motor. The inlet/ outlet 
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dimensions  connects a 3/4th inch hose adapter. Further the pump was finally bought from 

Davies Craig (Bosch pump). The pressure drop analysis will be discussed in the upcoming 

chapters. 

 

Cooling Fan 

 

Figure 1-7 Spal Fan (represenation only) 

The fan was ordered from SPAL and from our calculations we will need 500 cfm 

as per our heat removal analysis. The same has been tested on the air flow bench available 

on campus (Woolf Hall #212). This is a 9 inch fan pulling (aspirante) 755 cfm at free flow 

condition and its tests shall be further discussed in the upcoming chapters in detail. The 

motor used is brushed DC (12 volts) and a high profile fan which suits my application. 
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Chapter 2  

DETERMINING AVERAGE POWER 

In order to come out with a number which determines the heat that needs to be 

rejected from the entire working system, we need to analyze the motor efficiency as well 

as the past track data which results in an average speed, further resulting in average 

horsepower. The efficiencies of rear and front motors are plotted from their relation with 

the rotational speed (rpm) and thus with the gearing ratio, energy that is lost as heat, is 

determined. 

 

Track Data 

 

(a)                                                                 (b) 
 

Figure 2-1 (a) average track speed and (b) average track longitudinal G’s 

From the above graphs, it shows us the track data for the F-13 car (lap times and 

speed), speed and G’s as a function of time. As a matter of fact the abscissa (time), a batch 

of data from 135 to 165 seconds was considered as it reflects one complete realistic lap 

which gives closer results for the actual performance at competition.   

Further the average velocity of the car as observed is 33 mph and a value of 0.42 

G’s for the positive half of the cycles. 
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Motor Efficiencies 

 

Figure 2-2 Rear Motor Efficiency 

 

 

Figure 2-3 Front Motor Efficiency 
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From the above figures it can be seen that at several rpm we have attained 

different motor (rear & front) efficiencies. This efficiency less 100% gives us the remaining 

loss as heat which in turn is produced and needs to be rejected for an effective 

performance. The same has been illustrated in Appendix A Table A-1. 

Furthermore, from the data that I received was analyzed in the form of a graphical 

representation for the rear and front motors as they possess different power capabilities. 

Each rear is 25 kW each, whereas the front are 12.5 kW which makes it half of the former 

one. 

Average Speed, Horsepower & Heat determination 

The Electric car Tire Diameter = 20.5 inches = 1.7 ft. 

The ratio of gears used for motors and wheel = 12.83 

The standard conversion of mph to rpm :-  

mph = (1.7 * 3.14 * rpm * 60) / 5280 

Thus, rpm = (33 * 5280) / (1.7 * 3.14 * 60) = 544 (wheel rpm) 

Finally, Motor rpm = 544 * 12.83 = 6980 rpm 

 

Figure 2-4 Heat produced at different speeds 
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Table 2-1 Heat produced at average speed 

Motor 
Speed 

Car 
Speed 

Heat 
Produced 

Total 
Rear 
Heat 

Heat 
Produced 

Total 
Front 
Heat 

Total 
Heat 

Safety 
Factor 

(rpm) (mph) 
(Each Rear) 

% 
(%) 

(Each Front) 
% (%) (kW) (SF) 

6980 33 6.5 13.0 9.3 18.5 2.9 1.4 

 

As calculated above the motor rpm is analyzed with the efficiency Table 2-1 and 

graph which finally results as an efficiency which further gives us heat produced. Similarly, 

heat at different speeds can be well predicted. The safety factor mentioned is the average 

considered for all speeds depicting values more than 1. For a complete reference of Table 

values, please refer Appendix A Table A-2. 

Furthermore,  

Average Horsepower = Mass  Gravity  G’s  Average Speed 

                                   = 320 (kg)  9.81 (m/s2)  0.42  14.75 (m/s) 

                                   = 19.5 kW = 26.2 HP 

For the average speed of 33 mph, we obtain motor efficiencies further which 

results in the amount of heat produced as a function of average power. 

Average longitudinal G’s are considered to be the rms value of all the G’s in the 

track field. The negative signs too are considered as we have regeneration taking place 

within the electric motors which is not the case with combustion cars.  

Rear Motor HP = 6.5% (heat) x 2 (motors) x 19.5 kW = 2.54 kW  

Front Motor HP = 9.25% x 2 x (19.5/2) (half power) = 1.8 kW 

Both of the above values are total heat numbers for front and rear respectively. 
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Table 2-2 Additional MOSFET heat 

MOSFETs (kW) Total Heat (kW) 

Rear 0.1 x 2 0.2 

Front 0.05 x 2 0.1 

Total 0.3 0.3 

 
Additionally the heat from the MOSFETs (Electronics) also has to be accounted 

for, which is going to be 0.1 kW each rear and 0.05 kW each front. Thus the total heat that 

the system has to be designed for is 4.4 kW. It is the electronics that plays a vital role as 

far as maintaining the temperature at 70ºC is concerned. 

Please note that the safety factor is considered only for values well above 1 to 

design the system with relative factor of safety. 

 

Conclusively, I had to design my system for 4.4 kW which is definitely 1/5th of the 

heat that is rejected by its counter I.C. Engines. Hence, for such a low heat application, 

considerations in design as far as capacity of the system and their behavior within the 

installed environment differs significantly. 
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Chapter 3  

HEAT REMOVAL BY NTU/ MICROSCOPIC THEORY 

As far as heat rejection from a radiator is concerned, heat transfer through 

convection plays a vital role as compared to conduction and radiation. Convection is that 

mode of heat transfer that takes place through fluid i.e. water and air in my case of research 

and design. The concept of forced convection comes into picture when designing a cooling 

system which is carried out with electromechanical devices such as pumps and fans for 

water and air respectively. 

Some of the laws followed are as follow:- 

• Newton’s law of Convection 

                                          Q = h  A  (Ts - T∞) 

• First law of Thermodynamics     

                                          Q = ṁ  Cp  (Δ T)   

• Fourier’s law of Conduction 

                                          Q = k  A  (ΔT/L)  

Where, 

Q = heat rejected or absorbed (kW) 

H = heat transfer coefficient considered for the fluid (kW/ m2 ºC) 

A = surface area or area perpendicular to heat travel (m2) 

Ts = surface temperature of the motor or radiator (ºC) 

T∞= fluid temperature (ºC) 

K = thermal conductivity (kW/ m ºC) 

ΔT = Temperature difference between inlet and outlet (ºC) 

L = length of path of heat travel (m) 
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Math Model of the system 

Further below stated is the math model for the system which shows the equations 

in relation to other components as far as thermodynamics is concerned. 

 

Figure 3-1 Equations around the system 

NOTE: 

T(o) - Radiator = T(in) - Rear Right = T(in) - Rear Left 

T(o) – Rear Left = T(in) Front Left = T(o) Rear Right = T(in) Front Right 

T(o) – Front Left = T(o) Front Right = T(in) Radiator 
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Heat rejection through radiator 

Radiator analogy 

 

Figure 3-2 Heat rejection through radiator 

A dual pass radiator was considered as it does involve a greater temperature drop 

as compared to a single pass. The problem with the triple pass lies with the trade off 

between pressure drop as compared to heat removal. Fluid dynamics will be dealt with in 

the succeeding chapters. I have considered the tubes to be rectangular which is almost 

similar to the actual cross-section of the radiator tubes. 

As shown in Figure 3-2, fins on a radiator definitely increase the surface area which 

is better for the heat transfer to take place but comes with a trade-off with the resistance to 

heat travel and that’s where we have to consider fin efficiency. However, the conductive 

heat transfer through the system is negligible as compared to the convection taking place. 
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Radiator configurations 

 
                (a)                                        (b)                                       (c) 

Figure 3-3 (a) single pass (b) dual and (c) triple pass 

The types of radiators that were well analyzed were single, dual and triple pass 

with cross flow configurations. Even though we receive a greater temperature drop which 

is because of more flow length and velocity, but not at the cost of a greater pressure drop 

which restricts and demands for more power. For example, with a triple pass radiator, you 

would get a greater temperature drop but the pressure drop increases exponentially which 

is not desirable. Also, we didn’t have triple pass radiators to test for their pressure drop. A 

dual pass is the one which is most prominent in many applications as it possess a correct 

balance in between heat transfer as well as pressure drop. 

 
Convective heat transfer coefficient 

Determining the convective heat transfer coefficient, is the major part of the study 

that was carried out in this research. The calculation or estimation of these coefficients is 

solved through dimensionless numbers such as Nusselt, Reynolds and Prandtl. In this 

section, we shall discuss the behavior of a fluid flowing with an objective to reject or absorb 

heat.  

Nusselt’s relation is the most important of all and it varies with the application, i.e. 

the way fluid flows through a tube, horizontally or circumferentially. 
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Figure 3-4 Dimensionless numbers used for coefficients (representation only) 

The convective coefficients are obtained from the specific Nusselt number that is 

used according to the application that the flow of the fluid is meant to be behaving.  

Table B-1 and B-2 in Appendix B shows the table of values for convective 

coefficients for air at 500 cfm and water at 4 gpm respectively. The application of air and 

water uses different relations of Nusselt number as water flows horizontally in tubes and 

the air flows through fins. Further, it is due to the hydraulic diameter that the velocity can 

be determined which in turn justifies the flow to be either laminar, transitional or turbulent. 

Turbulent applications justify greatest possible heat transfer. The concept of hydrodynamic 

and thermal boundary layers will be further discussed. 

Hydrodynamic and Thermal boundary layers 

 

Figure 3-5 Flow though a pipe (representation only) 
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As shown in Figure 3-5, one has to consider for the flow to be hydrodynamically 

and thermally developed or developing. Thermal boundary layer plays a more vital role as 

heat transfer is the main objective of the system. We can control hydrodynamics as it 

depends on the velocity of the flow through a pipe. 

The critical Reynolds number for a flow in a rectangular pipe is 3000 and any 

number below 2300 makes it laminar. The above boundary layers play a significant role 

when the flow is laminar, otherwise, as the velocity increases so does the turbulence which 

helps us neglect these lengths. 

In short, complications start arising as and when the flow is laminar.   

We have different types of flows: 

 Fully developed 

 Hydrodynamically developing & thermally developed 

 Thermaly developing and hydrodynamically developed 

 Simultaneously developing 

The hydrodynamic entry length for laminar flow is given by, 

 Le / D (apprx.) = 0.05  Re 

Thermal entry length for laminar flow, 

 Le / D (apprx.) = 0.05  Re  Pr 

Thermal & Hydrodynamic lengths for turbulent flow, 

 Le / D = 10 

Thermal boundary lengths are always greater than hydrodynamic lengths for fluids 

with Prandtl number greater than 1 which is in most of the cases. 

In the heat transfer calcualtions, I have considered these boundary layers only for 

Reynolds below 2300. For others, a relation for fully developed flow has been considered 

for calculative purposes. 
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Further, we shall discuss the different relations used for Nusselt number depending 

on laminar or transition, as well as according to the flow pattern. My research consists of 

the following categories of flow 

 Simultaneously developing flow (Nusselt’s Eqn. for constant heat flux)  

                                      

The value of 4.364 is valid for circular pipes, but in our case of rectangular tubes 

and the derived aspect ratio, it will be 7.7 which pertains to a value of fully developed.  

The above Equation 3-1 is valid for 0.7<Pr<7, Re< 2300, Re.Pr.D/L < 33, with D 

as the hydraulic diameter and L as the length of the pipe designed or considered. 

 Fully developed flow (Nusselts equation for constant heat flux) 

 

Where the friction factor for Equation 3-2 is given by, 

 

Equation 3-3 is valid for Re > 2300 which is for turbulent as well as transitional 

flows. It is the application of this equation which doesn’t consider thermal and 

hydrodynamic boundary layers in my analysis as it can be neglected. 

The heat transfer analysis for the water flow rate considers simply Equation 3-1 for 

laminar flow which is derived for simulataneous developing and Re lesser than 2300, for 

the rest we won’t be considering the lengths as the period of transition is difficult to forecast 

a perfect equation, hence fully developed can be used for Re greater than 2300.  

(3-1) 

(3-2) 
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Figure 3-6 Variation of heat transfer coefficient with length (representation only) 

The convective heat transfer coefficient reduces and then comes to a constant 

value with the flow being fully developed as shown in the Figure 3-6.  

In the case of thermal boundary layer, unless the flow is developed there won’t be 

maximum temperature difference in between the surface and fluid, but the heat transfer is 

as per desired because the value of ‘h’ is higher than the desired temperature difference. 

As and when the flow is fully developed we can be accurate in assuming a constant 

value of heat transfer coefficient, which is in turn due to Nusselts number.  

 

Study of NTU & LMTD method 

A detailed study was carried out regarding the consideration of the above two 

methods. The log mean temperature difference is more of an experimental approach as it 

requires the inlet and outlet temperatures of both the fluids which is not possible without 

an experiment. Secondly, the number of transfer units enables us to get ready with a 

complete analytical process of rejecting heat by assuming the atmospheric temperature 

and the hot side of the coolant. 
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Before getting results of effectiveness and maximum possible heat transfer, the 

heat transfer coefficients for different flow rates of water and air are shown in the below 

graph. 

 

Figure 3-7 Dual pass radiator with different number of tubes 

The water properties at a working pressure of 3 psi and 50ºC are considered for 

calculations. As the temperature of fluid increases, so does its flow velocity which further 

increases heat coefficients. 

In the Figure 3-7, we can observe that for higher flowrates the graph does resemble 

figure 3-6, which is due to the Nusselt’s equation considered and explained above. 

Similarly, for calculating the heat transfer coefficients for air we use the following 

co-relation for Nusselt, 

Nu (air) = 0.664  Re0.5  Pr0.33 
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Figure 3-8 Radiator for different tube numbers 

Figure 3-8 illustrates the heat transfer coefficients for air that flows through the 

radiator core. Irrespective of the radiator being a single or dual pass, the above graph won’t 

change as the external structure remains the same.  

Atmospheric air at 30 degree celcius are considered for analysis on the air. 

Note that the hydraulic diameter of air is calculated as follows, the credit of which purely 

goes to Dr. Woods, 

 

 
 

 

 
where, 

FD = fin density 

Wf = width of each row in between tubes 

Further the calculated heat rejected with different iterations for air, water flow rate 

and sizes of the radiator that can be suited for my application which has space restrictions. 
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Figure 3-9 Heat removal at different fluid flow rates 

Figure 3-9 illustrates the heat removal from a dual pass radiator with 18 tubes 

which makes a height of 8.5 inches. The length of the radiator core is always kept constant 

on the basis of space restrictions. Hence, the maximum possible length that could be 

possible is 12.4 inches. The tube sizes along with the fin density is considered the same 

as that of information provided by Griffin (company that manufactured this radiator). 

Finally the radiator that accomplished an appropriate result consists of 20 tubes 

and thus the core size for this design is 12.4 in. x 9.4 in. The heat transfer taking place in 

Figure 3-10 is greater than a single pass but lesser than a triple pass for the same size and 

flow rate of fluids. 
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Figure 3-10 Temperature drop at different fluid flow rates 

Figure 3-10 shows the temperature drop with the same radiator that heat was 

analyzed for as in Figure 3-9. We can observe with 1 gpm of water flow rate, we have 

greater temperature drop but not the heat removed as per our earlier calculations (4.4kW). 

In order to remove more heat, we have certain controlled factors which can be 

taken into account. For a greater temperature drop and same heat removal, use a higher 

CFM as well as a greater size of radiator. The same can as well be attained with a higher 

water flow rate but we wouldn’t receive greater temperature drop. In the case of electric 

motors, the lower the temperature, more efficient can the electronics be for the car’s 

endurance track. The same above i.e. temperature drop, heat removal and convective 

coefficients are displayed calculatively in Appendix B. 
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Microscopic theory of heat removal 

This is completely my theory which is used to ensure or in short re-check the above 

NTU method. This theory doesn’t reflect numbers with relation to effectiveness, hence 

gives values of heat rejection much above of what actually is rejected or aspired. It is quite 

of a methodical process which calculates heat rejection through a step by step process.  

 

Figure 3-11 Step wise heat rejection (representation only) 

 Heat rejected by the water while travelling through the tube. 

 The same heat travels through the law of conduction towards its length and thus 

we get average of the values throughout its length as the temperature differs which 

is defined as efficiency of a fin. 

 Further, the required convective coefficient is calculated to the average surface 

temperature of the tubes and fins. 

 Lastly, the actual convective coefficient is calculated through dimensionless 

numbers as discussed in the previous sections of the chapter. 
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Figure 3-12 Comparison of actual & required heat coefficients (air) 

The lines for 1 and 3.5 gpm are iterations for the required heat transfer coefficients 

for air, and the ones for 400 and 500 cfm are the coefficients actually possible with those 

fans. 

Here we can see that the actual coefficients received for the same number of tubes 

is much more as compared to the desired. This is because the effectiveness of the system 

(radiator) is not considered.  

To remove a specific amount of heat, one’s average water temperature has to be 

certain degrees higher as compared to the ambient temperature. 

In the case of a heat engine, it runs much higher as compared to electric motors 

and the latter is desired to run as close to the ambient as possible. This is possible only 

and only when the water is higher than the air temperature in order to remove the desired 

heat out of the system. 

NOTE: The entire system is designed at steady state (one cycle)  
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Heat rejection through motors 

Electric motor analogy 

 

Figure 3-13 Heat transfer through motors 

After analyzing the radiator, comes the heat source which doesn’t necessitate the 

use of NTU for heat rejection. The equations used are similar to that of the one illustrated 

in the beginning of this chapter. 

Even though air flows above the motors, heat transferred to the air is not accounted 

for which is an additional safety factor for the system design. 

In further sections we shall discuss forced convective coefficients and heat transfer 

through the motors which is almost similar to the case of the radiator. 

The water properties are again considered at 3 psi and 50ºC which is the steady 

state temperature of the system. 
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The Nusselt’s relation used for motors is similar to that of fluid flowing across a 

cylinder. This gives an approximate result value if not accurate. 

 

Figure 3-14 Water flow over cylinder (representation only) 

Nusselt’s equation for water is given below, 

Nu = c Rem Pr0.33 

Where, 

c & m = constants 0.913 and 0.618 respectively for Reynolds number 4000 to 40000 

Nu, Re, Pr = Nusselt, Reynolds and Prandtl as dimensionless numbers. 

 

Further, the heat transfer coefficients of water flowing through the channels in the 

motor are discussed. As the cross sectional area of the channels in the motors are smaller 

as compared to the pipe diameter, we face a greater pressure drop due to the sudden 

increase in velocity. 

The higher coefficient values show that the water with forced convection lies within 

the limits of 50000 (W/ m2 ºC) for boiling water. This indeed depends on the value of Prandtl 

number which in turn depends on water properties. 

(3-6) 
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Figure 3-15 Convective coefficients of water for motors 

The flowrate of water is reduced by half since it flows through a tee and hence 

splits into 2 (discussed in earlier chapters). The rear motor being bigger in size (only width) 

produces twice the power as compared to the front motors. However, the front is calibrated 

for 100% regen, while the rear one calls for 50% regen.  

 

Figure 3-16 Motor temperatures after cooling 
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Simulation through MATLAB/ Simulink 

The entire system is simulated which depicts similar results to the ones received in the previous sections of this chapter. 

 

Figure 3-17 Simulink simulation of the complete system 
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MATLAB function blocks were simply used for the radiator and motors. The values 

obtained for the final pump and fan selected like convective coefficients, heat numbers, 

inlet temperature to the radiator was used as fixed values in the same. Figure 3-18 and 3-

19 are snapshots after simulation runs for 50 seconds and is designed for steady state as 

stated previously. 

Further results as far as graphs were concerned have also been shared as below. 

 

Figure 3-18 Hot water inlet to Radiator 

 

   

Figure 3-19 Temperatures of front and rear motors 
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Chapter 4  

SYSTEM PRESSURE DROP 

Fluid mechanics is that branch of physics which deals with the mechanics of fluids 

(liquids/ gases) and forces acting on them. It is divided in two sections, fluid statics and 

dynamics. The main focus in this chapter deals with hydrodynamics, even though 

aerodynamics is a part of fluid dynamics. Hydrodynamics is defined as that branch of fluid 

dynamics which deals with the motion of fluids, forces acting on them, lets say a case of a 

solid body immersed in a liquid bath. 

This chapter deals with theories developed through equations and validating them 

through experiments as far as test on air and water is concerened. Many radiators were 

tested as system resistances and so were the pumps and fans as devices producing a 

forced convection to the system. The syudy of this chapters enlightens one to have a sharp 

judgement on the basis of pressure drop of devices and sub systems and their selection. 

 

Friction factory theory using below equations 

Resistance factor, 

 

 

 

 
Woods’ number for water & air, 

 

 

 

 

N  is called Woods’ number as this theory’s recognition goes to him as it was formulated 

by him. The previously forecasted RF value is used in the first equation to get the friction 

hd

L
f

A

N
RF 

gpm

lbf
1426.0 stdstd PN 

scfm

lbf
03666.0 stdstd PN 

(4-1) a 
 

(4-1) b 
 

(4-1) c 
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value (f). This theory is applicable for both water and air side of fluid analysis. The N  is 

different for water and air as shown respectively. The average value can be used to 

determine RF value for our design and further predict water and air pressure drops. 

 
Water pressure drop 

In this section, five radiators were tested and a theory was developed along with 

an equation which passes through all experimental points. Further the resistance factor 

that is used to predict the curve later gives us results in the form of friction factor which 

then is used as a common term to predict the future designed radiator.  

The process starts with the below mentioned equation that developes a curve 

which passes through all the practical results. 

The system resistance for fluid flow is given below, 

                    
 

RF

PPP
Q atmatmu

stc
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Equation 4-2 was used as theory to form the above exponential curves and it did 

work well for air and water pressure drop. Further this would lead to a final value of friction 

factor to predict pressure drop without testing radiators in the future. The RF value 

predicted in the above radiators is formulated from this equation. Further investigation can 

be done if any other equation could be applicable as I did with one of them (squares law), 

the coefficient of discharge method (Cd) which didn’t fit well as the predicted values of 

discharge were way above the researched values of 0.6 to 1.  
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Tested Radiators 

 Griffin Radiator 

 

  

Figure 4-1 Griffin dual pass tested with developed theory 

This is dual pass radiator with a total of 31 tubes and an inlet/outlet of 0.6 inches. 

A dual pass is supposed to have a greater pressure drop as compared to a single pass 

(almost twice). The blue dots on the graph depict the experimental values whereas the 

curve that fits in is the theory that is formulated. The forecasted value for resistance factor 

(RF) was found to be 26.7 inches of H2O/ gpm. 
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NOTE: The apparatus setup is similar for all the tested radiators which includes a 

wall water supply connected to a flowmeter which is further connected to the radiator 

through a pressure gauge. Even though it is tested as an open system, one can avoid head 

losses by placing the radiator on a flat stiff plane as well as avoid the air trapped in the 

system initially. 

 

 F-09 Racecar radiator 

 

  

Figure 4-2 Formula 2009 dual pass tested with theory 

The above radiator was removed from an existing running 2009 racecar and is a 

dual pass with a total of 48 tubes (double row), inlet/ outlet of 0.87inches. The radiator was 

tested similarly and its theory showed a resistance factor (RF) of 24.4 inches of water/gpm.  
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 Radiator by Long 

 

 

Figure 4-3 LONG single pass tested with theory 

This radiator was given to me by Dr. Woods for acquiring more data as it is always 

great to have more data. This is a single pass (double row) manufactured by a company 

called LONG. Inlet/ outlet of 0.62 inches and resulted with an RF value of 17.4 inches of 

water/gpm. The theory resulted more accurately for this type and is close to the ones 

mentioned above. 
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 Local radiator 

 

 

Figure 4-4 Local radiator tested with tubes 

This radiator behaved really differently as compared to the others and hence 

wasn’t considered while forming the final theory for friction factor. This is a single pass 

radiator with 38 tubes and inlet/outlet of 0.5 inches. The resultant RF value for this radiator 

was 36.5 inches of water/gpm which is way off from the others (maybe because of sudden 

reduction in the inlet/outlet area). 
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Figure 4-5 Local radiator after tubes cut 

This radiator was further investigated. The below graph shows us the difference in 

pressure drop before and after the tubes are cut for testing. This radiator is not considered 

for its off results which physically is different from the rest tested. 

 Wide radiator (Long) 

 

 

Figure 4-6 Single pass wide radiator by Long 
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This radiator did behave similarly as compared to its former ones. It is a single 

pass radiator manufactured by LONG with an inlet/ outlet of 0.62 inches, 26 tubes (double 

row), and a resultant RF of 21.8 inches of water/ gpm. 

 E-15 Griffin radiator 

 

Figure 4-7 Electric car 2015 Griffin radiator 

The current radiator was is similarly tested and I obtained results similar to 

common friction factors calculated from the resistance factors predicted as earlier. 
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 Pumps 

 

Figure 4-8 Pumps from Davies craig (Bosch) and Johnson 

I considered 3 pumps for the application towards heat rejection from an electric 

car. 2 pumps were from Johnson (JP) and the third one will be from Davies Craig which is 

an Australian company. The free flow for the Bosch pump is 5.8 GPM and further the test 

for flow and pressure shall be illustrated. 

 

(a)                                             (b)  

Figure 4-9 (a) Pressure test (b) flow test on EBP-15 

The flow results were almost the same as mentioned by the seller 1.9 gallons in 

20 seconds which sums upto 5.7 GPM. The pressure test uses a flowmeter, a pressure 

gauge and was tested as a closed system which is further discussed. 
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Water flow summary 

Table 4-1 Results to predict the future design with the actual radiator 

 

The average friction factor was calculated considering 4 tested radiators. The 

average friction factor as shown in Eqn 4-1 (a), then gives us resistance factor (RF) to 

forecast my design. From Figure 4-10, we can see that the RF value forecasted is almost 

equal to the actual design. Furthermore, the tested radiators are illustrated in a tabular 

format in figures C-1 to C-4 in Appendix C. 

 

Figure 4-10 Water pressure test for radiator & pump 
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The selected pump was pressure tested similar to the flow test and the results have been 

extrapolated. The curve which shows pump experiment are actual results after testing it. 

The system and actual pump curve gives us the operating point for the actual flow. 

 

Air pressure drop 

Radiators 

 

Figure 4-11 Radiators tested for system resistance curves 

The system curve is developed very similar to the ones with water tests. The 

experimental setup and process shall be further explained. Equation 4-2 is used to 

formulate a theory which passes through all the experimental results. 

Fig. 4-12 depicts system curves which are formulated and plotted similar to the 

ones for water test which are discussed as previous. 
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Figure 4-12 Tested radiators with system curves 

E-15 Radiator 

The current design was tested on the air flow bench with different variations. In this 

section we shall discuss the system resistance curve for the radiator only. 

 
(a)                                                    (b) 

Figure 4-13 (a) Radiator only tested on the air flow bench (b) Griffin E-15 
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The system curve is developed using the same equation for water resistance 

curves and the result is as shown below. Figure C-5 Appendix C illustrates the results in a 

tabular format. 

 

Figure 4-14 Radiator only tested & theory developed 

Fans 

 

Figure 4-15 Tripac and Spal fans tested for performance 

The fans tested too are related to a theory which is a similar equation but not the 

same. It is indeed not easy to predict the theory of the same as the fan curve itself shows 

disturbed and random behaviors, depending on situations. 
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The equation that a fan follows is mentioned as below. 

Fan curve theory, 

 

 

 

 

Figure 4-16 Tripac and Spal fan curves 
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Air flow summary 

Table 4-2 Radiators tested & formulated RF factors 

 

As shown above the radiators tested are summarized in this Table which uses 

specific parameters in order to calculate frictional factors. The average taken from 3 

radiators gives us a close friction factor to the actual one. The reason for selecting those 3 

radiators were its length of air travel and variations in fin density.  

Table 4-2 illustrates that the RF value as forecasted in almost similar to the actual 

value calculated. Hence it is a proven fact to judge future radiators on the basis of common 

frictional factors. 

In the concluding part of this chapter we shall discuss more about system 

resistance and fan curves when assembled together as a radiator package which includes 

the assembly of a fan through a shroud. 
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Figure 4-17 Fan & radiator with shroud 

 

 

Figure 4-18 Operating point for fan only & fan with shroud 
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Figure 4-18 plays a vital role in predicting the actual flow rate of air through a 

system. Here, we can see that even the shroud provides a better cooling effect so does it 

decreases the fan’s performance by shifting its zone of operation. This effect can be 

reduced if the outer edges are smoother which reduces eddy losses. The longer the shroud 

which means the fan’s distance with the radiator core, better it is for the air flow. The main 

reason for the curve to act differently is the radiator which acts as further resistance to the 

air flow. 

Table C-1 in Appendix C shows the results of all individual and shrouded assembly 

configurations. Another fact which many are misguided is the simple operation of 

amalgamating the system curve with the fan which is not true. A fan when assembled on 

a radiator along with or without a shroud, behaves differently which is observed in figure 4-

18. Furthermore, if the fan is switched off then the system resistance results are shown 

below. 

 

Figure 4-19 System curve change with fans off 
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Informatively, the larger the distance of the fan from it’s system of focus, the better 

it is for the air flow as far as friction is concerned. In order to maintain your fan curve as 

best as what is given by the supplier, the shroud design too plays a vital role.  

Fig. 4-19 depicts a difference in system resistances, i.e. an increase in resistance 

after having the complete package assembled with a non operating fan, but a blower that 

helps take readings. As components keep getting added, that itself becomes a system 

which generates more and more resistance. 

In short, the same assembly has been tested with fans off, and the system curve 

slope changes significantly. This would never be a case in my application but a learning 

tool to understand the behavior of these curves with different arrangements. 
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Chapter 5  

CONCLUSION 

One can definitely conclude after this thesis, that with a given heat number to be 

rejected, we can obtain the correct pump and fan size appropriately that works effectively 

with the selected radiator size. 

The fin efficiency along with thermal conduction has been neglected while using 

the NTU method for heat transfer from the radiator.  

The pressure drop experimental values (radiators) are for an open system which 

possess greater losses such as velocity, pressure loss etc. as compared to only friction 

loss in a closed system. 

According to the complete analysis, experiments and research carried out for the 

system, I conclude that my design and theory is applicable towards the pragmatic usage 

to develop or design heat exchanger systems, whether it be for automotive or commercial 

purposes.  

Since the system has been applied to our existing electric car and will be used for 

combustion vehicles, it has been designed with a good amount of safety factor as it plays 

a vital role in avoiding switching off of the motors during endurance. 

Although the pressure drop still needs the user to be well acquainted to the system 

and further have a sharp judgement in selecting radiators for average friction factors. It is 

applicable only to radiators with similar inlet/ outlet conditions. 

This system indeed plays a vital role as far as cooling of electronics is concerned 

as higher the temperatures, greater is the impedance (resistance) of the system resulting 

in underperformance and depolarization.  

Suggested future work for this thesis could be to use its data and theory for 

simulating it on ANSYS Icepak with relevant boundary conditions. 
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Appendix A 

Average Power 
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Table A-1 Efficiency at different speeds 

Motor Efficiencies 

Rear motor 
  

Front Motor 
  

Motor  

          

Cont 
Efficiency 

Peak 
Efficiency 

  
Cont 

Efficiency 
Peak 

Efficiency   
Speed 

(%) (%)   (%) (%)   (RPM) 

0.83 0.73   0.78 0.64   1154 

0.89 0.82   0.86 0.75   1978 

0.92 0.86   0.89 0.81   2802 

0.93 0.89   0.91 0.84   3626 

0.94 0.91   0.93 0.87   4451 

0.95 0.92   0.93 0.89   5275 

0.95 0.93   0.94 0.9   6099 

0.96 0.93   0.94 0.91   6923 

0.96 0.94   0.95 0.91   7747 

0.96 0.94   0.95 0.91   8571 

0.96 0.94   0.95 0.91   9396 

0.96 0.94   0.94 0.92   10220 

0.95 0.94   0.94 0.92   11044 

0.94 0.94   0.92 0.93   11868 

0.92 0.94   0.9 0.92   12692 

0.82 0.94   0.75 0.92   13516 

0 0.94   0 0.91   14341 

0 0.93   0 0.89   15000 
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Table A-2 Heat rejected at different speeds 

  

DETERMINE TOTAL HEAT & SAFETY FACTOR 

Motor 
Speed  

Car 
Speed  

Heat 
Produced 

Total 
Rear 
Heat 

Heat 
Produced  

Total 
Front 
Heat 

Total 
Heat  

Safety 
Factor Average  

(rpm) (mph) 
(Each 

Rear) % 
(%) 

(Each 
Front) % (%) (kW) (SF) (SF) 

2802 13 13.7 27.3 19.2 38.3 6.0 2.1 1.4 

3626 17 11.0 22.0 15.6 31.2 4.9 1.7   

4451 21 9.3 18.6 13.2 26.3 4.1 1.4   

5275 25 8.1 16.2 11.5 22.9 3.6 1.2   

6099 29 7.2 14.4 10.2 20.3 3.2 1.1   

6923 33 6.5 13.1 9.3 18.6 2.9 1.0   

6980 33 6.5 13.0 9.3 18.5 2.9 1.0 Actual 

7747 37 6.2 12.4 8.9 17.8 2.8 1.0   

8571 41 6.1 12.1 8.7 17.4 2.7 0.9   

9396 44 6.0 12.0 8.6 17.2 2.7 0.9   

10220 48 6.0 12.1 7.9 15.8 2.6 0.9   

11044 52 6.1 12.2 7.5 15.0 2.6 0.9   

11868 56 6.1 12.2 7.4 14.8 2.5 0.9   

12692 60 6.0 12.1 7.5 15.0 2.5 0.9   

13516 64 6.1 12.3 8.0 15.9 2.6 0.9   

14341 68 6.4 12.8 9.1 18.1 2.8 1.0   

15000 71 6.8 13.5 11.1 22.2 3.2 1.1   

15863 75 7.3 14.7 14.7 29.4 3.8 1.3   
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Appendix B 

Heat Removal (NTU) 
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Table B-1 Air convective coefficients for 500 cfm 

 

 

Table B-2 Water convective coefficients with outlet fluid temperatures  

 

 

Other iterations too were calculated apart from 500 cfm and 4 gpm. This thesis 

covers a final selection of the above values which is why it is displayed.  Further below 

the calculations for the same are shown along with the nomenclature.  

Air properties are considered at 30 ºC and water at 50 ºC for the above fluid 

(convective) calculations. 
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NTU method nomenclature 

n = Number of total tubes   

N = Number of entering tubes 

H = Radiator height 

L = Radiator length  

Wr (inner) = Radiator width, inner  

Wr (outer) = Radiator width, outer  

Lf = Fin length  

Wf (inner) = Fin width, inner  

Wf (outer) = Fin width, outer  

Hf = Fin height  

D = fin density  

Nf = Number of fins per raw  

nf = Total number of fins  

Ht (inner) = Tube height, inner  

Ht (outer) = Tube height, outer  

Wt (inner) = Tube width, inner  

Wt (outer) = Tube width, outer  

Lt= Tube length  

Ṁw = Mass flow rate of water (kg/sec) 

Ṁa = Mass flow rate of air (kg/sec) 

Q (w) = Water flow rate (m3/s)  

Q (a) = Air flow rate (m3/s) 

µw = Dynamic viscosity of water  

µa = Dynamic viscosity of air   
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νw = Kinematic viscosity of water 

νa = Kinematic viscosity of air 

ρw = Density of water ( kg/m3) 

ρa = Density of air ( Kg/m3) 

Am = Minimum area of water flow per tube  

Ac= Core area of radiator  

Af= Free flow area of radiator   

Vw = Velocity of water (m/sec)  

Va = Velocity of air  

Aw = Surface area exposed to water in the radiator (m2) 

Aa = Surface area exposed to air including fins (m2) 

P = Tube perimeter  

Dh (w) = Hydraulic diameter of water  

Dh (a) = Hydraulic diameter of air  

Cp (w) = Specific heat of water at steady state temperature (kJ/kg ºC) 

Cp (a) = Specific heat of air at steady state temperature (kJ/kg ºC) 

Tw (i) = Temperature of hot water entering to the radiator (ºC) 

Tw (o) = Temperature of cold water leaving the radiator (ºC)  

Ta (i) = Temperature of cold air approaching the radiator (ºC) 

Ta (o) = Temperature of hot air leaving the radiator (ºC)  

Rew = Reynolds number of water  

Rea = Reynolds number of air  

Nuw = Nusselt number of water  

Nua = Nusselt number of air  

Prw = Prandtl number of water  
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Pra = Prandtl number of air  

hw = Convective heat transfer coefficient of water inside the radiator (KW/m2 deg C)  

ha = Convective heat transfer coefficient of air flowing over tubes  (KW/m2 deg C) 

Kw = Thermal conductivity of water 

Ka = Thermal conductivity of air 

Cw = Ṁw Cpw 

Ca = Ṁa * Cpa 

Cmin = Min (Cw, Ca) 

Cmax = Max (Cw, Ca) 

Cr = Cmin / Cmax) 

UA = Overall heat transfer coefficient  

NTU = Number of transfer unit  

Ɛ = Effectiveness of radiator 

Qmax = Maximum possible heat transfer in radiator (kW)  

Q = Net heat rejected from the radiator (kW)  
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The calculation for a combination of 20 tubes with 4 gpm and 500 cfm is illustrated 

as below. 

N = 10 

n = 20   

H = 0.23876 m 

L = 0.31496 m 

Wr (inner) = 0.037 m 

Wr (outer) = 0.038 m 

Lf = 0.009 m 

Wf (inner) = 0.037 m 

Wf (outer) = 0.038 m  

Hf = 0.0001 m 

D = 18 / inch 

Nf = 220  

nf = (n+1)* Nf = 4620 

Ht (inner) = 0.001 m  

Ht (outer) = 0.002 m 

Wt (inner) = 0.037 m 

Wt (outer) = 0.038 m 

Lt = 0.31496 m 

Ṁw = 4 gpm = 0.2493 kg/sec 

Ṁa = 500 cfm = 0.298 kg/sec 

Q (w) = 0.0002524 m3/sec 

Q (a) = 0.2360 m3/sec 

µw = 0.00055 Pa.sec 
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µa = 18.72 x 10-6 (Pa sec)  

νw = 0.553 x 10-6  m2 / sec  

νa = 14.4*10-6 m2 / sec 

Kw = 0.64 W/ m ºC 

Ka = 26.49* 10-3 W / m ºC 

ρw = 988 kg/ m3 

ρa = 1.27 kg/ m3 

Cpw = 4.18 kJ/ kg ºC  

Cpa = 1.01 kJ/ kg ºC 

Tw (i) = 55 ºC 

Ta (i) = 30 ºC 

Am = Wt (inner)* Ht (inner) = 5 x 10-5 m2 

Vw =  
Q(w)

N∗Am
 = 0.54 m/sec 

P = 2*( Wt (inner) + Ht (inner)) =0.076 m 

Dh (w) = 
4∗Am 

P
 = 0.0025 m 

Rew = 
Vw ∗ ρ(w) ∗ Dh (w)

 µ (w)
 = 2378 

Prw = 
µ (w)∗ Cp (w)

K(w)
 = 3.6 

FF = [1.58 ln (Rew) – 3.28] -2 = 0.12                                

Nuw = [(Rew –1000)*Prw*(FF/2)] / {1.07+ [(12.7 (FF/2)½ (Prw 2/3 - 1)]} = 13 

hw =  
Nu (w)∗K (w)

Dh(w)
  = 3.4 kW/m2 ºC 

Aw = 2 n Lt (Wt (inner) + Ht (inner)) = 0.5 m2 
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Ac= ((n*Ht) + ((n+1)*Lf))* L =0.07 m2 

Af= Ac - ((Nf*(n+1))*Lf*Hf) + (n*Ht (outer)* Lt) = 0.06 m2 

Va = 
Q(a)

Af
 = 4.3 m/sec 

Dh (a) = 
4∗Am 

P
 =    











































2

2
1

2
2

2

)(
2

4

fW
DD

fL
D

 = 0.003 m 

Rea = 
Vw ∗ ρ(a) ∗ Dh (a)

 µ (a)
 = 814 

Pra = 
µ (a)∗ Cp (a)

K(a)
 = 0.7 

Nua = 0.664 Rea
0.5 Pra

0.33 = 16.9 

ha = 
Nu (w)∗K (w)

Dh(w)
 = 0.16 kW/m2 ºC 

Aa = (n 2 Lt (Ht (outer) + Wt (outer)) + (nf 2 Lf (Wf (outer) + Hf)) = 3.7 m2 

UA =  
1

(
1 

 h(a)∗A (a)
+ 

1 

h(w)∗A (w)
 )

 = 0.43 kW/ ºC 

Cw = Ṁw Cpw = 1.04 kW/ ºC 

Ca = Ṁa Cpa = 0.30 kW/ ºC 

Cmin = Min (Cw, Ca) = 0.30 kW/ ºC  

Cmax = Max (Cw, Ca) = 1.04 kW/ ºC 

Cr =  
Cmin 

Cmax
 = 0.29 

NTU = 
U∗A

Cmin
 = 1.4 
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Ɛ = 1 − exp ( 
exp(−Cr∗NTU0.78)−1

Cr∗NTU−0.22  )  =  0.7 

Qmax = Cmin (Tw (i) – Ta (i))= 7.5 kW 

Q = Qmax Ɛ = 5.2 kW 

Tw (o) = Tw (i) −
Qmax

Cw
 = 50 ºC  

Ta (o) = Temperature of hot air leaving the radiator =  Ta (i) −
Qmax

Ca
 = 47.4 ºC 
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Appendix C 

Pressure drop analysis 
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              (a)                                                 (b)                                    (c) 

Figure C-1 (water) (a) Experimental results (b) Theory (c) Griffin dual pass 

 

 

(a)                                 (b)                                  (c) 

Figure C-2 (water) (a) Experimental results (b) Theory (c) F-09 dual pass 
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                (a)                                   (b)                                      (c) 

Figure C-3 (water) (a) Experimental results (b) Theory (c) LONG single pass 

 

 

              (a)                                         (b)                                  (c) 

Figure C-4 (water) (a) Experimental results (b) Theory (c) LONG single pass (wide) 
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             (a)                                         (b)                                      (c) 

Figure C-5 (water) (a) Experimental results (b) Theory (c) E-15 Griffin tested 

 

 

                        (a)                                                  (b)              

Figure C-6 (air) (a) Experimental results (b) Theory for E-15 radiator  
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Table C-1 Fan tested with radiator individually and shrouded assembly 
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