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Executive Summary 
 

Design Objective: 

 Our company has identified a potential market for a temperature-controlled unit for shipping bio-

specimens between hospitals and laboratories.  Our team has been tasked with creating a cooling system 

that can cool a bio-specimen to a temperature of -70
o
C within ten minutes and then keep it there for a 

twelve-hour delivery.  Power consumption should not exceed 72W since the car battery only outputs 12V 

and 6amps.  This portable cooling system must be of minimal weight and size as well as function in 

extreme temperatures of ranging from -63
o
C to 79

o
C.  Also, the cooling system must be cheap and 

reasonable to manufacture as the goal is world-wide distribution. 

 

Design Alternatives Considered: 

From the beginning we felt that a cooling mechanism utilizing dry ice would be the best choice 

due to its sublimating temperature and cheap cost.  The first iteration of our design was a free convection 

based system.  We thought we could take advantage of the fact that CO2 is denser than air.  The design 

allowed the sublimated CO2 to fall down and surround our specimen container before exiting through 

pressure release valves.  However, we determined through our calculations and research that free 

convection was one of the worst forms of heat transfer we could use, and that controlling the temperature 

with such an inconsistent mode of heat transfer would be almost impossible. We therefore abandoned the 

idea.  

Conduction, on the contrary, was one of the best forms of heat transfer we could use.  That was the 

inspiration for our second iteration, which was a basic conduction-based system.  The conduction based 

system would allow for a more constant surface temperature along the wall of the specimen container.  This 

design utilized a steel vacuum-insulated container that makes convection and conduction from the outside 

environment negligible.  Insulation between the aluminum dry ice compartment and outside of the steel 

container reduces the rate of sublimation of the dry ice.  Separating the dry ice container and the specimen 

container is a heater that will warm the specimen container if it gets too cold.  The main flaw in this 

iteration was that once the dry ice melted around the walls of the container, the system would be in only 

free convection which is something we want to avoid. 

 

Chosen Design: 

After considering the sublimation of the dry ice, we added a copper fin section to our design to 

create our third and final iteration.  The addition of copper fins and the usage of crushed dry ice will 

eliminate the problem of having no dry ice touch the container walls.  Also, the fins result in a more 

consistent specimen container temperature.  We also added insulation between the dry ice container and the 

specimen container to reduce temperature fluctuation.  This system will be able to cool the specimen 

container to -70
o
C in less than ten minutes and required very little power from the vehicle.  This system 

needs to cool he specimen container to -70
o
C even under extreme temperatures.   

 

Highlights of Expected Performance:  
Firstly, we expect outer environmental conditions ranging from -63°C to 57°C to have a small 

impact on our middle CO2 layer thanks to a tightly sealed outer vacuum shield. Secondly, the middle CO2 

layer will maintain at exactly -78°C during sublimation. Finally, through a process of conduction and 

electrical heating, the inner wall shall be maintained at -70°C for the 12 hour shipment. 

 

Key Numbers: 

Ultimately, the heater will need to output only 23 W of power to keep the specimen container at 

the desired temperature.  The total cost of the system will be $632.88 for the first unit. Extra material left 

over can be used for subsequent units cutting cost to $183.69.  

Expected Machine Shop Hours: 1hr. 
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Detailed Design 

 
Figures 1 & 2: Fully Assembled Cooling System 
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Figure 3:  Exploded View of Cooling System 
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Figure 4: Assembly of Cooling System 

 
Table 1: Assembly of Cooling System Parts List 

1 Rubber CO2 Exhaust Hose 
2 Stainless Steel Vacuum-Insulated Lid 
3 Thermal Fins 
4 Thermal Insulation 
5 Heater 
6 Specimen Container 
7 Stainless Steel Vacuum-Insulated 

Container 
8 Controller Mount 
9 Temperature Controller 

10 Dry Ice 
11 Thermocouple 

1 

2 

3 & 10 

4 & 5 

6 
8 

7 9 

11 
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Component List 
 

Figure 5: Rubber CO2 Exhaust Hose 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6: Stainless Steel Vacuum-Insulated Lid 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Component Number: 1 
 
Component Name: Rubber CO2 
Exhaust Hose 
Dimensions:  Diameter = 1.59 cm 
Length= 1.5m                
 
Purpose: Lead the Carbon Dioxide 
safely out of the vehicle 

Component Number: 2 
 
Component Name: Stainless Steel 
Vacuum-Insulated Lid 
 
Dimensions:  Diameter = 18 cm                
Tail Length = 20.3 cm,                           
Tail Thickness = 2.5 cm 
 
 
Purpose: Closes the system to 
prevent convection.  Comes with 
the vacuum-insulated system we 
purchased.  Since it is a coffee 
container originally, the tube 
(component 1) can be inserted 
into the existing spout. 
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Figure 7: Thermal Fins 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Component Number: 3 
 
Component Name: Thermal Fins 
 
Dimensions: OD = 11.35 cm,                 
ID = 5.5 cm, Length = 17.9 cm, 
Thickness = 0.2 cm 
 
Purpose: Copper fins that contain 
the dry ice allow for conduction 
throughout copper system, and a 
more uniform sublimation of the 
dry ice. 
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Figure 8: Thermal Insulation 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Component Number: 4 
 
Component Name: Thermal 
Insulation 
 
Dimensions: ¼ cm thickness, ID = 
5cm, OD = 5.5 cm, 17.4 cm length 
 
Purpose: ¼ cm of foam rubber 
insulation is used as thermal 
insulation between the copper 
fins and the heater.  This reduces 
the effect of the heater on 
sublimation of the dry ice to 
conserve dry ice.  Our thin heater 
is located on the inside of foam.    
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Figure 9: Heater 
 

 
 
 

 
 
 
 
 
 
 
 
 
Figure 10: Specimen Container 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Component Number: 6 
 
Component Name: Specimen Container 
 
Dimensions:  5cm diameter, 10cm 
length 
 
Purpose: Location of the specimen to 
be cooled.  The inside of this aluminum 
cylinder must reach -70

o
C within 10 

minutes and stay there for a twelve hour 

trip.  This container will be provided with 

the specimen, so is not included in our 

cost estimation. 

Component Number: 5 
 
Component Name: Heater 
(Nichrome wire) 
 
Dimensions:     
Thickness = 0.0635 cm 
Length = 4 m 
A wire of length 4m will wrap 

25 times around the specimen 

container.  12V from the car 

battery will be run through the 

wire, creating 27W heat output. 

Purpose: Used to heat the 

specimen container if it gets too 

cold.  This resistance heater lies 

between the insulation and the 

specimen container.  It can 

function at temperatures as low 

as -195°C, making it ideal for 

the situation.   
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Figure 11: Stainless Steel Vacuum-Insulated Container 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 12: Controller Mount 

 
 
 
 
 
 
 
 
 
 
 
 
 

Component Number: 8 
 
Component Name: Controller-
Container Adapter 
 
Dimensions: Diameter = 17.5 cm,  
Length = 4.8cm, Thickness =  
 
Purpose: PVC part attaches the 
controller to the assembly.  The 
inside surface models the cylinder 
while the outside surface fits the 
temperature controller.  It 
attaches to the container and the 
controller by Epoxy. 

Component Number: 7 
 
Component Name: Stainless Steel 
Vacuum-Seal Container 
 
Dimensions:  2.5L container,                 
ID = 11.4 cm, OD = 17.50 cm,         
Length = 23 cm 
 
Purpose: Outer most layer of 
protection from ambient 
temperatures.  Its reflective coat 
makes radiation negligible.  Contains 
Parts #3-6.  Drastically reduces the 
sublimation rate of the dry ice.  This 
component and the Stainless Steel 
Vacuum-Insulated Lid are purchased 
together (they are a coffee carafe). 
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Figure 13: Temperature Controller 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
Figure 14: Dry Ice 
 

  

Component Number: 9 
 
Component Name: 
Temperature Controller 
 
Dimensions:  Length = 9.8 cm, 
Width = 4.8cm, Thickness = 
4.8 cm 
 
Purpose: Takes the 
thermocouple temperature as 
an input.  If the input reads 
below -70

o
C, its output is on/off 

to connect the car battery to the 

heater.  The heater then warms 

the system until the specimen 

container is slightly above -70
 

o
C.  If the input temperature 

reads above -70
o
C, the power to 

the heater is cut off. 

Component Number: 10 
 
Component Name: Dry Ice 
Dimensions:  10lbs 
 
Purpose: For a 12-hour 
delivery, we only need 2.5-
5lbs of dry ice.  Because our 
system can hold 2.5L and the 
density of dry ice is only 1.4 
g/cm^3, we have enough 
space for 10lbs of dry ice.  
This will allow our system to 
run at conduction throughout 
the delivery.  The dry ice is 
crushed so when it sublimates 
the crumbles will collapse on 
itself and touch the walls at all 
times. 
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Manufacturing Drawings 
 
    Figure 15: Manufacturing Drawing of Thermal Fins 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 16: Manufacturing Drawing of Controller Mount 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Component Number: 3 
Note: Slots along the 
center have the same 
dimensions  
 
Manufacturing Drawing 
will be sent to 
GindreCopper so that 
thermal fin can be 
manufactured. It will be 
manufactured by an 
extrusion process, so once 
the process is completed 
once, it will be easy to 
reproduce using the same 
extrusion mold. 
 

Component Number: 6 
Note: Controller mount is attached to the 
container and temperature controller by 
Epoxy.    
 
Manufacturing Time: 1 hour 
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1d. Assembly Instructions 
 

1 Rubber CO2 Exhaust Hose 
2 Stainless Steel Vacuum-Insulated Lid 
3 Thermal Fins 
4 Thermal Insulation 
5 Heater 
6 Specimen Container 
7 Stainless Steel Vacuum-Insulated Container 
8 Controller Mount 
9 Temperature Controller 

10 Dry Ice 
11 Thermocouple 

 
1. For the assembly, begin by attaching the Thermocouple [11] to the inner 

surface of the Specimen Container [6]. Take the Nichrome Wire Heater [5], 

and wrap it around the Specimen Container [6] twenty-five times evenly.  

Finally, wrap the Thermal Insulation [4] around the heater/container [5,6] 

assembly. 

2. Proceed by inserting the Thermal Fins [3] into the Stainless Steel Vacuum- 

Insulated Container [7]. Once the Thermal Fins [3] are fully inserted, slide 

the insulation/heater/container [4,5,6] assembly into inner cylinder of the 

Thermal Fins [3].  

3. Attach the Controller Mount [8], with Epoxy, to the outer surface of the 

Stainless Steel Vacuum-Insulated Container [7]. 

4. Insert the Temperature Controller [9] into the Controller Mount [8] and 

connect its input wires to the thermocouple and output wires heater through 

the top of the assembly.  

5. Once the Controller is connected to the thermocouple and heater, put 2.55 lbs 

of dry ice blocks [10] into the compartments of the Thermal Fins. 

6. Input 12V into the Controller, which will deliver 12V output into the heater.  

7. Insert the specimen into the Specimen Container and fasten the Stainless 

Steel Vacuum-Insulated Lid [2] onto the assembly (the thermocouple and 

heater wires will be insulated between the lid and the container). Once 

fastened, feed the rubber CO2 Exhaust hose [1] into the hole located on the 

top of the Stainless Steel Vacuum-Insulated Lid. 

8. Steps 1-3 will be completed by manufacturer before distribution. For 

subsequent uses of the unit, the customer will only steps 4-6 need to be 

completed, because the assembly can remain intact.  
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Detailed Analysis 
 

Assumptions 

 Steady state 

 Constant Properties 

 Large Surroundings 

 Negligible contact resistance 

 Extreme temperature analyzed 

 1-D conduction for calculations 

 Heater has negligible thermal resistivity 

 Copper fin insert has negligible thermal resistivity 

 
Figure 17: Diagram on Cooling System 
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Equations 

  

 We considered three types of heat transfer in our system when performing thermal 

analysis.  They were conduction throughout the system to the specimen container, natural 

convection from the ambient air and the sublimated CO2, and radiation from the 

surroundings.  The system was evaluated at the most extreme ambient temperatures.  The 

inside of the dry ice containers that touched the dry ice was said to be the same 

temperature as the dry ice.  In order to run the Solidworks thermal analysis, we needed to 

calculate the surface temperatures of all our parts. 

 

Hand Calculations of Heat Transfer into Specimen 

   

 To estimate the heater power necessary to keep our specimen at -70 C, we used 

the following equations to calculate the heat transfer into the specimen at steady state, 

and to keep a steady temperature we said the total           needed to be zero.  Please 

refer to the figure above, and the notes in Appendix B. 

 

  

   
              

   
    

   
 

                        
 

   
   (1) 

 

   
       

    
  

 

 
  

                        (2) 
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Hot Environment: Radiation important 

 

                              (3) 

 

At steady state: 

 

                                (4) 

 

Cold Environment: Radiation negligible 

 

                           (5) 

 

At steady state: 

 

                                (6) 

 

 

Nichrome Heater Calculations: 
 

One of our alternative heater options was a nichrome resistance heater with a 

current passing through it.  To determine the gauge of the wire, we used the following 

equations.  

 

                              (7) 

 

      
  

 
 

  

 
 

 

        (8) 

 

We wanted the wire to wrap 25 times around the cylinder (circumference 0.157), so we 

needed 3.927m of wire. 

 

Using the above equation, we determined the diameter of the wire needs to be 0.001m = 

0.025inches. 
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SolidWorks Analysis 

Assumptions 

 Steady state 

 Constant Properties 

 Large Surroundings 

 Negligible contact resistance 

 Extreme temperature analyzed 

 1-D conduction for calculations 

 Radiation negligible 

 

Transient Analysis 

  In our detailed analysis, we performed a transient analysis on our system.  The 

parts that we needed to model under transient heat transfer are the stainless steel vacuum 

system, copper fins, heater, insulation and aluminum specimen container.  The inside of 

our specimen container must reach a temperature of -70
o
C in less than ten minutes and 

then remain at -70
o
C for a twelve-hour trip.  For our transient analysis, we will set our 

initial parameters on the system and let the transient analysis run for ten minutes.  We set 

the initial temperatures of the copper fin pockets to be -78.15
o
C because that is the 

temperature of dry ice.  The rest of the system we set an initial temperature of room 

temperature, or 23
o
C.  If the inside of the specimen container reaches a temperature of     

-70
o
C or below, then we can determine that our system will work for the previously 

stated conditions. 
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Figure 18: Transient Analysis 

 
 

 

 

 The coolest area of our system is found inside the copper fins.  This makes 

intuitive sense because our dry ice is located within each of the compartments.  The high 

thermal conductivity of copper makes the fins roughly the same temperature of the dry 

ice it is in contact with.  The overall temperature of the inside of the specimen container 

is -78.15
o
C after ten minutes of running without any power from our heater.  This means 

that our goal of reaching -70
o
C within ten minutes will be achieved.  Our steady state 

thermal analysis determined that -70
o
C could be maintained if the heater is powered at 

23W.  The temperature controller will turn on the heater when the inside of the specimen 

container is a temperature lower than -70
o
C.  This analysis is taken for a system in 

extreme heat (79
o
C), so if it can function in this heat then it can function in all ambient 

temperature scenarios. 
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Figure 19: Steady-State Analysis with Air = 79
o
C 

 
 

 

 

 

 Our copper fins can hold more than twice as much dry ice than we need for the 

full twelve-hour cycle.  Because of this, we can assume our steady-state analysis is a 

good representation of a twelve-hour delivery.  This is because at all times the dry ice 

level will be higher than 10cm, making the respective copper surface it touches to be in 

conduction.  Therefore, the 10cm tall specimen container will mostly be affected by 

conduction and not the free convection of the sublimated CO2.   
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Figure 20: Steady-State Analysis with Air = -63
o
C & Full Dry Ice 

 
 

Figure 21: Steady-State Analysis with Air = -63
o
C & Half-Full CO2 
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We ran a thermal analysis of the system when the compartments of dry ice were 

completely filled and when they were half of the way filled since that is the result of the 

twelve-hour delivery.  For the half-filled compartments, we analyzed as if the top half of 

the copper fins were affected by the natural convection while the bottom half was 

affected by conduction.  The results were very similar, which means that our steady-state 

conduction model is valid. 

 

Steady-State Scenarios in which the system will work as expected 

 

To determine if our system will work in all temperature scenarios, we tested our 

system under the extreme temperature conditions of a parked car found in Death Valley, 

CA.  This temperature we found to be as hot as 79
o
C.  The logic is that our system will be 

heating the dry ice, so if our system runs in the ambient temperature of 79
o
C, it will 

surely run fine at colder ambient temperatures.  The effectiveness of our insulation and 

the power capacity of our heater allow our system to handle any ambient temperature it 

experiences.  After running a Solidworks thermal analysis, we determined our system 

would successfully do the task. 

The steady-state thermal analysis was mostly used to determine two things.  The 

first was the power our heater needed to run in order for the system to be successful.  The 

second was to determine the ambient temperatures effects on the sublimation of the dry 

ice.  After running our Solidworks thermal analysis, we determined that our heater 

needed to run at 23W in order to keep the specimen container at a steady state 

temperature of -70
o
C.  This is similar to the power found in our numerical calculations.  

The stainless steel vacuum does an excellent job insulating the copper fins from the 

ambient temperature.  The ambient temperature still has an effect on the sublimation rate 

of the dry ice though, as the system isn’t perfect.  However, this changing sublimation 

rate is not significant enough that all of our dry ice sublimates.  In fact, we lose less than 

half of the dry ice in our container.  This can be backed by our numerical calculations as 

well as research we did on dry ice sublimation. 
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Cost Estimation 
 
Table 2. Table Illustrating List of Components and whether they are purchased or manufactured. 

Reference  
Number 

Component Manufactured/ Purchased 

1 Rubber CO2 Exhaust Hose Purchased 
2 Stainless Steel Vacuum-Insulated Lid Purchased  
3 Thermal Fins Purchased (Custom Part) 
4 Thermal Insulation Purchased 
5 Heater Purchased 
7 Stainless Steel Vacuum-Insulated Container Purchased  
8 Controller Mount Manufactured 
9 Temperature Controller Purchased 

10 Dry Ice Purchased 
11 Thermocouple Purchased 

 
Table 3. Purchased Components 

Reference  
Number 

Component Quantity Price 
$/unit 

Cost $ 

1 Rubber CO2 Exhaust Hose 1 $18.00 $18.00* 
2 & 7 Stainless Steel Vacuum-Insulated Lid 

Stainless Steel Vacuum-Insulated 
Container 

1 $48.21 $48.21 

3 Thermal Fins 1 $349.00 $349.00* 
4 Thermal Insulation 1 $17.48 $17.48* 
5 Heater 1 $13.06 $13.06* 
9 Temperature Controller 1 $99.0 $99.00 

10 Dry Ice 1 $0.6/lb $1.53 
11 Thermocouple 1 $34.95 $34.95 

Total $581.23 
 

Table 4. Custom Components 

Reference  
Number 

Component Material Material 
Price 
$/lb 

Quantity Material 
Cost 

Machining 
Time 

Machining 
Cost 
$50/hr 

Cost $ 

8 Controller 
Mount 

Rigid 
PVC 

$0.55/lb 3lbs $1.65 1hr $50.00 $51.65* 

Total $1.65 2hr $50.00 $51.65 

 
Grand Total= $632.88* 
 

*These costs will yield considerable extra material, which can be reused for the production of 

many more units.  For subsequent iterations, only the Stainless Steel Vacuum-Insulated Lid, 
Stainless Steel Vacuum-Insulated Container, Temperature Controller, and Thermocouple 
will need to be purchased again, cutting the cost to $183.69.  
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Conclusion 

 

 Based on the results of our Solidworks thermal analysis along with our 

calculations, we determined that our system would successfully cool our specimen 

container to -70
o
C within ten minutes and keep it at -70

o
C for a twelve-hour delivery.  

This can mostly be attributed to the high thermal conductivity of the copper fins as well 

as the insulation and heater that were chosen.  The heater we will use is able to generate 

enough power under the extremely cold conditions.  Because our design will succeed 

under the most extreme conditions, we can conclude it can operate effectively during 

normal conditions. 
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Appendix A 
 

1 Rubber CO2 Exhaust Hose 

2 & 7 
Stainless Steel Vacuum-Insulated Lid 

Stainless Steel Vacuum-Insulated Container 

3 Thermal Fins 

4 Thermal Insulation 

5 Heater 

9 Temperature Controller 

10 Dry Ice 

11 Thermocouple 
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Reference Number 1 
  

 
http://www.summitracing.com/parts/vpe-20445/all 
 
 
 
 
  
 

 
 
 
 
 
 
 

http://www.summitracing.com/parts/vpe-20445/all
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Reference Number 2 & 7 
 

 

 
http://www.instawares.com/bunn-32125-0000-2-5-liter-lever-action-airpot.bun-
32125.0.7.htm?s_cseid=AMZN 
 
 
 

 
 
 
 
 

http://www.instawares.com/bunn-32125-0000-2-5-liter-lever-action-airpot.bun-32125.0.7.htm?s_cseid=AMZN
http://www.instawares.com/bunn-32125-0000-2-5-liter-lever-action-airpot.bun-32125.0.7.htm?s_cseid=AMZN
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Reference Number 3 

  
 
GindreCopper is a company that manufactures custom designed 
extruded copper shapes. Upon inquiry of the manufacturing of our 
custom thermal fin we received a quote of 349.00$. 
http://www.gindrecopper.com/copper-products/extruded-shapes-
made-to-specification.html 
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Reference Number 4 
 

 
 

McMaster #9349K9 
http://www.mcmaster.com/#thermal-insulation/=mocbgp 

 
  

http://www.mcmaster.com/#thermal-insulation/=mocbgp
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Reference Number 5 
 

 
 

McMaster #8880K77 
http://www.mcmaster.com/#nickel-chromium-(nichrome)-wire/=mocj0e  

http://www.mcmaster.com/#nickel-chromium-(nichrome)-wire/=mocj0e
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Reference Number 9 

 
 Order Code: 304-100 

http://www.tcdirect.com/deptprod.asp?deptid=100/91 
 
  

http://www.tcdirect.com/deptprod.asp?deptid=100/91
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Reference Number 10 
 

 
 

http://www.icefactoryonline.com/Prices.htm 
 
 
 
 
 
 

  

http://www.icefactoryonline.com/Prices.htm
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Reference Number 11 
 

 
 

McMaster #37045K191 
http://www.mcmaster.com/#surface-thermocouples/=moc9z3 

 
 

  

http://www.mcmaster.com/#surface-thermocouples/=moc9z3
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Appendix B: Hand Calculations 
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