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MECH-420 HEAT TRANSFER 

GROUP (2) PROJECT 

TYPED, COMPUTER PLOTS, EXCEL FILE,  

PDF FILE SUBMISSION 

DUE FRIDAY WEEK #10 

10:00 AM BB 
As engineers for Parametric Design, Inc you are requested to evaluate a facility cooling concept on 
your clients remote Pacific Ocean resort complex 500 miles west of California. Air at 26C is routed 
through thick wall cooper tubing, Di = 0.20m, Do = 0.35m that flows through the cool pacific waters 
at a depth of 50m at a volume flow rate that is to vary from 0.02 m3/s to 1 m3/s. The velocity and 
temperature profiles can be assumed as shown below. 

 

 

 

 

 

 

 

Your engineering staff is requested to study the parametric relationships between the submerged 
pipe length (L), volume flow rate, pressure drop, fan power to overcome friction within the smooth 
tube, and heat transfer rates, and annual operating cost at $0.15/kWh, to ensure a discharge air 
temperature of 19C. 

You are to use your engineering judgement to determine what data is needed, what calculations are 
needed, what plots are needed, and what assumptions are needed to complete the engineering 
analysis report and the ROAD MAP, and to meet Berry’s (CEO) expectations as you know his proclivity 
for details and logic. 

Provide a 2–4-page, 1.5 line spacing, 11 pitch font, research essay regarding the threat and impact of 
global warming and climate change, and your perspective on the engineering challenges your 
generation must face to save mankind. 

All reports ae to be typed professionally as they will be posted online for display and review for future 
students and professionals. 

 
 



Jacob Feenstra and Cody Dolby

MECH-420-01

Dr. K. J. Berry

6/10/2022

Heat Transfer Design Project

Variables:
● Pipe Length

● Volume Flow Rate

● Pressure Drop

● Fan Power

● Heat Transfer Rates

● Annual Operating Cost

Constraints:
● Inlet Air Temperature: 26°C

● Outlet Air Temperature: 19°C

● Tubing

○ D_i = 0.20m

○ D_o = 0.35m

● Depth of Tubing: 50m

● Volume Flow Rate: 0.02 m^3/s to 1 m^3/s

● Cost of Power: $0.15kW/hr

Provided Graphs:

Note: Temperature is in °C Note: Velocity is in cm/s, not m/s
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The assumption was made that the properties of the air were similar to that at atmospheric

pressures (from Table A.4) and that the properties of the water were similar to that of a

saturated fluid (Table A.6).
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Assuming a smooth pipe condition,
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MECH-420 Group Project 

Christos Batsakis & Nicole Dziekan 

Below is a diagram of the engineering challenge at hand. The challenge is to evaluate various parameters of the 

system if the outlet temperature of the pipe remains at a constant temperature of 19C while the volumetric flow 

rate is varied. 

 

ROADMAP 

 Our engineering staff have determined this problem is a “Special Case: Internal Flow/External Convection” 

problem type. An equation provided for this scenario can be rearranged to study what pipe length is required to 

keep the outlet temperature at the desired temperature of 19C while the volumetric flow rate through the pipe is 

varied.    

1. Solve for Tmean , then find the properties of air flowing inside the pipe using Table A.4 

2. Use T∞ to find the properties of water flowing around the pipe using Table A.6 

3. Solve for hi  : internal pipe flow (hi will vary with Re, which varies with internal mass flow) 

a. Solve the Reynold’s number for flow inside the pipe, determine Laminar or Turbulent, 

and chose appropriate formula for Nusselt # 

b. Calculate Nusselt #, and plug into Dittus-Boelter to solve for hi 

4. Solve for ho : cross flow over a cylinder  

a. Solve for the Reynolds number and find values for m and C 

b. Plug values for m and C into Nusselt equation and solve for ho 

5. Using the equation for UA, solve for U and cancel L’s.  

a. Plug in values for ho and hi 

i. U will change as the internal volumetric rate changes. 

6. With values for U, mass flow, and cp the special case equation can be rearranged to solve for L 

while Tm,o is held constant. 

7. With values obtained for ho and hi, and the given Temperature gradient the heat transfer rate of 

the pipe, pressure drop, fan power, and cost can be solved for – all will vary based on internal 

mass flow of the pipe.  
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From Equation Sheet:  

Special Case: Internal Flow/External Convection 

𝑇∞ − 𝑇𝑚,𝑜

𝑇∞ − 𝑇𝑚,𝑖
= exp⁡(

−𝑈̅𝐴

𝑚̇⁡𝑐𝑝𝑎𝑖𝑟
) 

𝐴 = 𝜋𝐷𝐿 

Rearrange to solve for L as a function of 𝑈̅ 

𝐿 = −
𝑚̇𝑐𝑝𝑎𝑖𝑟 ln (

𝑇∞ − 𝑇𝑚,𝑜

𝑇∞ − 𝑇𝑚,𝑖
)

𝑈̅𝜋𝐷
=
(
𝑘𝑔
𝑠
)(

𝐽
𝑘𝑔. 𝐾)

)

𝑊
𝑚2. 𝐾

(𝑚)
=

𝐽
𝑠. 𝐾
𝐽
𝑠

𝑚.𝐾

= 𝑚 

To solve for L, must first find 𝑚,̇ ⁡𝑐𝑝𝑎𝑖𝑟 , 𝑈̅ 

 

Solving for 𝑚̇ 

𝑚̇ = 𝜌 ∗ 𝑣𝑚 ∗ 𝐴𝑐 

𝑣𝑚 =
𝑄̇

𝐴𝑐
 

Where 𝑣𝑚 is the average velocity of the internal fluid, 𝑄̇ is the volumetric flow rate, and⁡𝐴𝑐 is cross 

sectional area of the pipe. 

Substitute 𝑣𝑚⁡, 𝑐𝑎𝑛𝑐𝑒𝑙⁡𝐴𝑐 

𝑚̇[
𝑘𝑔

𝑠
] = 𝜌[

𝑘𝑔

𝑚3
] ∗ 𝑄̇[

𝑚3

𝑠
] 

Mass flow rate will change as the volumetric flow rate is varied. 

Solving for 𝑐𝑝𝑎𝑖𝑟  

Solving for Tm to use Table values for air 

𝑇𝑚𝑎𝑖𝑟[𝐾] =
𝑇𝑚,𝑖 − 𝑇𝑚,𝑜

2
 

Using Table A.4, values for various properties of air can be interpolated using Tm 

  



Solving for 𝑈̅ 

Solving for Tm to use Table values for air 

𝑈̅𝐴 =
1

∑𝑅𝑡ℎ
 

Substitute for 𝑅𝑡ℎ: Note THICK WALL → Conductive Term, using kcopper 

𝑈𝑜̅̅̅̅ =
1

𝐴𝑜(
1

ℎ𝑖𝐴𝑖
+

1
ℎ𝑜𝐴𝑜

+
ln⁡(

𝑟𝑜
𝑟𝑖
)

2𝜋𝑘𝑐𝑢𝐿
)

 

Cancelling 𝜋 and L’s by plugging in 𝐴 = 𝜋𝐷𝐿 

𝑈𝑜̅̅̅̅ =
1

𝐷𝑜(
1

ℎ𝑖𝐷𝑖
+

1
ℎ𝑜𝐷𝑜

+
ln⁡(

𝑟𝑜
𝑟𝑖
)

2𝑘𝑐𝑢
)

=
1

𝑚(
1

(
𝑊

𝑚2. 𝐾
) (𝑚)

)
=

𝑊

𝑚2. 𝐾
 

Assuming that the copper pipe’s temperature is approximately that of⁡𝑇∞, a value for 𝑘𝑐𝑢 can be found 

using Table A.1 – Note that k does not change drastically with temperature so our team believes this 

assumption will not affect end results.  

To solve for 𝑈𝑜̅̅̅̅ , values of ℎ𝑖 and ℎ𝑜 must be found.  

 

Solving for ℎ𝑜: Cross Flow over a cylinder 

Solve for Re 

𝑅𝑒 =
𝜌 ∗ 𝑣𝑚 ∗ 𝐷𝑜

𝜇ℎ20
=

(
𝑘𝑔
𝑚3) (

𝑚
𝑠
) (𝑚)

𝑁𝑠
𝑚2

=

𝑘𝑔.𝑚
𝑠

𝑁. 𝑠
 

Using Re, Table 7.2 gives values for m and C. 

ℎ𝑜̅̅ ̅ ∗ 𝐷𝑜
𝑘ℎ20

= 𝐶 ∗ 𝑅𝑒𝑚 ∗ 𝑃𝑟1/3 

Rearrange to find ℎ𝑜 

ℎ𝑜̅̅ ̅ =
𝑘ℎ20 ∗ 𝐶 ∗ 𝑅𝑒𝑚 ∗ 𝑃𝑟1/3

𝐷𝑜
=

𝑊
𝑚.𝐾
𝑚

=
𝑊

𝑚2. 𝐾
 

𝜇ℎ20, 𝑘ℎ20, and Pr found using properties of water at T∞ (Table A.6) 

 

 



 

Solving for ℎ𝑖: Internal Cylinder Flow 

Must first solve for Re to determine Turbulent or Laminar flow → determines which formula for 𝑁𝑈̅̅ ̅̅  will 

be used. 

𝑅𝑒 =
𝜌 ∗ 𝑣𝑚 ∗ 𝐷𝑖

𝜇𝑎𝑖𝑟
 

𝑣𝑚 =
𝑉̇

𝐴𝑐
 , 𝐴𝑐 =

𝜋∗𝐷𝑖
2

4
 

Rearrange and substitute: 

𝑅𝑒 =
4 ∗ 𝜌 ∗ 𝑉̇

𝜋 ∗ 𝐷𝑖 ∗ 𝜇𝑎𝑖𝑟
 

Reynold’s number will change as the volumetric flow rate is varied. 

All Re’s above 2300 → Turbulent Flow 

ℎ𝑖̅ = 𝑘𝑎𝑖𝑟
𝑁𝑈̅̅ ̅̅

𝐷𝑖
 

𝑁𝑈̅̅ ̅̅ = 0.023 ∗ 𝑅𝑒4/5 ∗ 𝑃𝑟𝑛 

Where n=0.3, cooling: 

ℎ𝑖̅ = 𝑘𝑎𝑖𝑟
0.023 ∗ 𝑅𝑒4/5 ∗ 𝑃𝑟𝑛

𝐷𝑖
=

𝑊
𝑚.𝐾
𝑚

=
𝑊

𝑚2. 𝐾
 

Pr of Air already found using Table A.4 and Tm 

Since Re varies with volumetric flow rate, ℎ𝑖̅ will also vary with volumetric flow rate. 

L can now be solved for using 𝑚,̇ ⁡𝑐𝑝𝑎𝑖𝑟 , 𝑈̅.  

  



Solving for Pressure Drop 

∆𝑃 = 𝑓 (
𝜌 ∗ 𝑣𝑚

2

2
)(

∆𝑥

𝐷𝑖
) =

(
𝑘𝑔
𝑚3)(

𝑚2

𝑠2
) (𝑚)

𝑚
=

𝑘𝑔

𝑚. 𝑠2
=

𝑁

𝑚2
= 𝑃𝑎 

∆𝑥 = 𝐿 

Solving for f 

Re inside pipe already solved → Turbulent Flow gives the equation: 

1

√𝑓
= −1.8 log10((

𝜀
𝐷
3.7

)

1.11

+
6.9

𝑅𝑒
) 

Given a smooth tube → 
𝜀

𝐷
= 0 

Solve for f as a function of Re 

𝑓 = (
1

−1.8 log10((

𝜀
𝐷
3.7

)

1.11

+
6.9
𝑅𝑒

)

)2 

Pressure drop is a function of pipe length, L and the friction factor, f.  

  



Solving for Fan Power 

𝑊𝑓𝑙𝑜𝑤
̇ =

𝑚̇ ∗ ∆𝑃

𝜌
= 𝑉̇ ∗ ∆𝑃 =

𝑚3

𝑠
.
𝑁

𝑚2
=
𝑁𝑚

𝑠
= 𝑊 

Temperature Rise 

 

∆𝑇 =
𝑊𝑓𝑙𝑜𝑤

𝑚̇𝑐𝑝

̇
=

𝑊𝑓𝑙𝑜𝑤
̇

𝜌𝑉̇(𝑐𝑝 ∗ 1000)
=

𝐽
𝑠

(
𝑘𝑔
𝑚3)(

𝑚3

𝑠
)(

𝐽
𝑘𝑔. 𝐾)

= 𝐾 

 

Solving for Heat Transfer 

Special Case: Constant 𝑇∞ 

𝑞𝑐𝑜𝑛𝑣 = 𝑈̅𝐴
∆𝑇𝑜 − ∆𝑇𝑖

ln⁡(
∆𝑇𝑜
∆𝑇𝑖

)
 

OR 

Newton’s Law of Cooling: 

𝑞𝑐𝑜𝑛𝑣 = 𝑚̇𝑐𝑝(𝑇𝑚,𝑜 − 𝑇𝑚,𝑖) = (
𝑘𝑔

𝑠
) (

𝐽

𝑘𝑔. 𝐾
) (𝐾) =

𝐽

𝑠
= 𝑊 

Using either method to solve for q yields the same heat transfer rate relative to mass flow.  

 

 

 

 

  



Results 

 

Graph 1: Volumetric Flow versus required Pipe Length 

 
Graph 2: Pressure Drop versus required Pipe Length 
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Graph 3: Fan work versus required Pipe Length 

 

Graph 4: Heat Transfer versus required Pipe Length 
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Graph 5: Cost versus required Pipe Length 

 

 

Conclusions 

For the required outlet air temperature of 19C, the length of pipe will be dependent on the selected 

volumetric flow rate. Volumetric flow and Pipe Length will have a logarithm relationship, as shown in 

Graph 1. Conceptually, this is due to the relationship between heat transfer and flow rate. With an 

increased flow rate, the only way to maintain the desired temperature is to increase the surface area of 

the system, by doing this a higher heat transfer rate can be achieved (shown in Graph 4) and the desired 

outlet air temperature can still be maintained. Consequently, pressure drop will also increase due to the 

increase in pipe length if a higher flow rate is required, as shown in Graph 2.  This also correlates with an 

increase in Fan Work and cost per hour, shown in Graphs 3 and 5.  
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Design Project Roadmap
Cory Mazure & Arthur Jillson

Problem Description

Given + Property Information
Much of this information was retrieved from the book

● Resort 500 miles west of california
● Initial Air Temp 26 °C, Final Air Temp 19 °C, Mean=22.5 °C

○ ⍴@22.5°C=1.227 (kg/m^3)
○ cp@22.5°C=1006.72 (J/kg-K)
○ 𝜇@22.5°C=0.0000182425 (N-s/m^2)
○ k@22.5°C=0.02594 (W/m-k)
○ pr@22.5°C=0.71064

● Copper tubing carrying air

KJB
Pencil



○ Di = 0.2 m
○ Do = 0.35 m
○ Depth = 50 m
○ Volumetric flow rate

■ From .02 - 1 𝑚3/𝑠
○ Copper properties

■ Kwall=401 [W/m-k]
● Water Properties

○ Temperature @ 50m=T∞= 13°C=286.15°K
○ Velocity @50m=1465 [cm/s]=14.65[m/s]
○ ⍴@13°C=1000 (kg/m^3)
○ 𝜇@13°C=0.00119165 (N-s/m^2)
○ k@13°C=0.59184 (W/m-k)
○ Pr@13°C=8.56
○ Specific Volume @13°C=0.00100023 (m^3/kg)

Requested to Study
● Submerged pipe length
● Volumetric flow rate
● Pressure drop
● Fan power to overcome friction
● Heat transfer rates
● Annual operating cost $0.15/kWh to ensure discharge air temp is 19 °C

Equations + Roadmaps
Here you will find the equations and worked out roadmaps that allowed for us to power the data
seen in the attached spreadsheet.

Tmean for Air Properties
We started with analyzing the mean temperature for the air and reporting it in Kelvin

𝑇𝑚𝑒𝑎𝑛 =
𝑇

𝑚,𝑖
+𝑇

𝑚,𝑜

2 = 26+19
2 = 22. 5 𝐶 = 295. 65[𝐾]

Finding Pr
The Pr is relevant in the Nusselt number calculation. It must be calculated for the internal and
external conditions. It is found within table A.6.



Water: Fluid (13 C, 286K)

Pr water = 8.56 through interpolation on excel sheet

Air: Fluid (26 C, 299K)

Pr air = .707

Reynolds Number
We had to find the internal and external Reynolds number to determine the flow condition.

Internal Re

𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑅𝑒 =
ρ𝑢

𝑚
𝐷

µ
𝑓𝑙𝑢𝑖𝑑

See Excel Sheet: All flow rates are turbulent (greater than 2300 Re)



External Re

, Turbulent (greater than 2300 Re)𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑅𝑒 = 𝑉𝐷
ν = 14.65*0.35

0.00100023 = 5126

See Excel Sheet: All flow rates are turbulent (greater than 2300 Re)

Nusselt Number and “h”
In this section of the roadmap, the nusselt number will be calculated, which allows for h to be
found. This is done for both the internal and external flow, after solving for the Reynolds
number.

Internal Nusselt Number
In the internal condition, it is cooling, so n will equal .3.

𝑁𝑈 = ℎ𝐷
𝑘

𝑓𝑙𝑢𝑖𝑑
= 0. 023𝑅𝑒4/5𝑃𝑟𝑛

n=0.4 Heating
n=0.3 Cooling

Finding Internal “h”

ℎ𝑖[ 𝑊

𝑚2−𝐾
] =

(0.023𝑅𝑒4/5𝑃𝑟0.3)*𝑘
𝑓𝑙𝑢𝑖𝑑

𝐷

Nusselt Number (External)

𝑁𝑈 = ℎ𝐷
𝑘

𝑓𝑙𝑢𝑖𝑑
= 𝐶𝑅𝑒𝑚𝑃𝑟1/3

In order to solve for Nusselt and eventually get h, C and m must be found.

Finding “C” and “m”
For both the air and the water, Pr > .7. The ReD varies from 8k to 440k.



Table 7.2: used to find C and m after determining Renolds above
C=0.193
m=0.618

Finding K fluid

Exterior: Water

The k of the exterior fluid can be determined through interpolation, as seen in the excel file.

K of fluid water = .592 W/m*K

Interior: Air

The table A.4 in the book can be used in order to determine the k value



K of fluid (air) = 26. 3𝑥10−3 𝑊/𝑚 * 𝐾

Finding External “h”

With the previously calculated information, h can now be found

ℎ𝑜[ 𝑊

𝑚2−𝐾
] =

(𝐶𝑅𝑒𝑚𝑃𝑟1/3)*𝑘
𝑓𝑙𝑢𝑖𝑑

𝐷 = (0.193*51260.6188.561/3)*0.59184
0.35 = 130. 966

Submerged Pipe Length

Finding thermal resistance

𝑈𝐴 = 1

1
ℎ

𝑖
𝐴

𝑖
+

𝑙𝑛(
𝑟𝑜
𝑟𝑖

)

2π𝑘
𝑤𝑎𝑙𝑙

𝐿 + 1
ℎ

𝑜
𝐴

𝑜

= 𝐿(ℎ
𝑖
(π𝐷

𝑖
) +

2π𝑘
𝑤𝑎𝑙𝑙

𝑙𝑛(
𝑟

𝑜

𝑟
𝑖

)
+ ℎ

𝑜
(π𝐷

𝑜
))

SPECIAL CASE: Internal Flow, External Convection
𝑇

∞
−𝑇

𝑚,𝑜

𝑇
∞

−𝑇
𝑚,𝑖

= 𝑒𝑥𝑝[− 𝑈𝐴
𝑚𝑐

𝑝

]

The thermal resistance equation is plugged in for UA, and both sides are multiplied by natural
log:

𝑙𝑛(
𝑇

∞
−𝑇

𝑚,𝑜

𝑇
∞

−𝑇
𝑚,𝑖

) =−
𝐿(ℎ

𝑖
(π𝐷

𝑖
)+

2π𝑘
𝑤𝑎𝑙𝑙

𝑙𝑛(
𝑟𝑜
𝑟𝑖

)
+ℎ

𝑜
(π𝐷

𝑜
))

𝑚𝑐
𝑝

Now is multiplied to get out of the denominator:− 𝑚𝑐
𝑝

− 𝑚𝑐
𝑝

* 𝑙𝑛(
𝑇

∞
−𝑇

𝑚,𝑜

𝑇
∞

−𝑇
𝑚,𝑖

) = 𝐿(ℎ
𝑖
(π𝐷

𝑖
) +

2π𝑘
𝑤𝑎𝑙𝑙

𝑙𝑛(
𝑟

𝑜

𝑟
𝑖

)
+ ℎ

𝑜
(π𝐷

𝑜
))

The equation can now be rewritten to solve of Length:

𝐿[𝑚] =
−𝑚𝑐

𝑝
*𝑙𝑛(

𝑇
∞

−𝑇
𝑚,𝑜

𝑇
∞

−𝑇
𝑚,𝑖

)

(ℎ
𝑖
(π𝐷

𝑖
)+

2π𝑘
𝑤𝑎𝑙𝑙

𝑙𝑛(
𝑟𝑜
𝑟𝑖

)
+ℎ

𝑜
(π𝐷

𝑜
))

Within the attached excel sheet, length is solved for.

Pressure Drop

∆𝑃 = 𝑓
ρ𝑢

𝑚
2

2
𝐿
𝐷
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1
𝑓

=− 1. 8𝑙𝑜𝑔
10

(( ε/𝐷
3.7 )

1.11
+ 6.9

𝑅𝑒 )

In the problem description: “Overcome friction within smooth tube”; This allows for us to
proceed with the following expression: =0.ε/𝐷
In order to solve for the pressure drop, the friction needs to be found first

𝑓 = 1

−1.8𝑙𝑜𝑔
10

(( ε/𝐷
3.7 )

1.11
+ 6.9

𝑅𝑒 )

2

𝑢
𝑚

[𝑚/𝑠] = 𝑄/𝐴
𝑐

𝐴
𝑐
[𝑚] = π𝑟

𝑖
2

Fan Power to Overcome Friction

𝑃[𝑊] = 𝑚∆𝑃
ρ

𝑎𝑖𝑟
= 𝑄∆𝑃

Annual Operating Costs
𝐶𝑜𝑠𝑡 [$] = 𝑃[𝑊]

1000 [𝑘𝑊] * 0. 15[ $
𝑘𝑊ℎ ] * (24 * 365)[ℎ𝑟]

The equation is dependent upon the fan power to overcome friction calculation, which was
performed previously in the report.

Heat Transfer Rate
𝑞[𝑊] = 𝑚𝑐

𝑝
(𝑇

𝑚,𝑜𝑢𝑡
− 𝑇

𝑚,𝑖
)

𝑚[ 𝑘𝑔
𝑠 ] = ρ𝑄



Plots

Length Graph

Pressure Drop Graph
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Power Graph



Annual Power Graph



Cost Graph



Heat Transfer Rate Graph

Analysis
Through the above equations and workflow, you can see how we got to our excel sheet
conclusions. There are some concerns we have with the data, primarily due to the length results.
It seems as though the length is much smaller than it should be. Just given the type of problem,
and the usage of this, I’d expect to see a length greater than 100 meters given the fact that the
pipe has to go down 50 meters to the depth where we are analyzing convection, and then another
50 meters back up to the height of sea level. With our length of less than 1 meter, it wouldn’t
make sense to run the pipe to that depth to benefit from the cold temperatures due to pipe losses
in the up and down sections that we didn't analyze. After we reached out to you, we discovered
that our specific heat was in terms of KJ/Kg-K, rather than the standard units of J/Kg-K.
Following this change we saw an improvement in L, but it was still smaller than what would be
expected. Because of the issues with the length, many other metrics are off. An example of this is
the pressure drop. Pressure drop is dependent on the length, so our small length also skews the
result of that equation. Ultimately, the important metrics like the power and cost are very small
due to the issues with the length. We spent a great deal of time trying to understand where the
errors occurred in our calculations, and are left puzzled. Overall, we believe that the roadmap
that we layed out should lead to the right conclusion, but that we may have made algebraic or
interpolation errors along the way in the sub calculations that led up to us finding the length. We
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were careful in our methods to check our units as well as retyping equations into Excel as well as
our calculators to ensure that they were transcribed properly, and believe that none of these are
issues resulting in the significantly short L. Hopefully we were effective at displaying our work
so that you can follow our steps and identify the section in which we may have made an error.
Overall, it is evident that a higher volumetric flow as well as a higher mass flow rate
correspondingly results in more expensive operational cost and higher losses.
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In order to find the heat transfer through the .15m copper pipeline, a thermal circuit can be used.

The total thermal resistance of the copper pipe can be determined by using the formula

𝑅
𝑐𝑜𝑛𝑑

=  𝑙𝑛(𝑟1/𝑟2)
2π𝐿

𝑝𝑖𝑝𝑒𝑙𝑖𝑛𝑒
𝐾

𝑐𝑜𝑝𝑝𝑒𝑟
 :  𝑤ℎ𝑒𝑟𝑒 𝐾

𝑐𝑜𝑝𝑝𝑒𝑟
=  386 𝑊𝑚−1𝐾−1

And the formula

𝑅
𝑐𝑜𝑛𝑣

= 1
ℎ

𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟
𝐴  

Considering boundary layers, temperature, viscosity, and density of seawater, can beℎ
𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟

calculated for the above equation.

Knowing the thermal conductivity of copper and the temperature of the water surrounding the

copper pipeline (which according to the plotted variation of temperature with depth

should be a steady 13 degrees fahrenheit), the surface temperature of the interior of the

pipeline and exterior of the pipeline can be calculated.

The relationships between the variables of the system components are as follows: As pipe length

increases, the overall amount of energy transferred between the air inside the pipe and𝐿

the surrounding water will increase as well, up until the point of equilibrium (if

volumetric flow is to stay constant). In order to reach the desired temperature the

equilibrium point must be manipulated by modulating the volumetric flow rate of air

through the pipe. The modulation of the volumetric flow rate depends on the pump (fan)

power, which is to be determined by the pressure differential inside the smooth pipe. As

the depth increases, this pressure differential increases. As the length of the pipe

increases, the pump power also increases. For an accurate representation of the

volumetric flow the following assumptions are made:
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Compressible flow. Since the speed of the air is so high (4.25 times the speed of sound) flow of

the air through the pipe can be considered compressible.

Air is an ideal gas.

Airflow is laminar. Air flowing through a significant length of smooth-walled pipe becomes

laminar.

Operating cost can be calculated by multiplying the operating wattage of the system (accounting

for the efficiency of system components) by the cost of a kWhr, multiplied by the hours

per year.

𝐶𝑜𝑠𝑡 =  𝑊
𝑖𝑑𝑒𝑎𝑙

* η
𝑠𝑦𝑠𝑡𝑒𝑚 

=  𝑊
𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔

*  𝐶𝑜𝑠𝑡
𝑘𝑊ℎ𝑟

*  8766 ℎ𝑜𝑢𝑟𝑠/𝑦𝑒𝑎𝑟

Volumetric flow Q: v equals velocity, A equals the area of the tube

𝑄 =  𝑣 *  𝐴

Re could change with depth, from Laminar < 2000 < Transitional < 3500 Turbulent, the ocean

has changes in flow types as depth changes

The e with equal 0 due to smoothness of the pipe

1
𝑓

=− 1. 8 * 𝑙𝑜𝑔[( ε/𝐷
3.7 )1.11 + 6.9

𝑅𝑒 ]



MECH420 Project - Lin and Riese

clc;
clear;

Define constants and parameters:

air.T.in_value = 26; air.T.out_value = 19; air.T.unit = 'C'; 

Dia.i = 0.20; Dia.o = 0.35; Dia.unit = 'm';

Depth.value = 50; Depth.unit = 'm';

water.v.value = 14.67; water.v.unit = 'm/s';

water.T.value = 13.2; water.T.unit = 'C';

air.T_film.value = (air.T.in_value + air.T.out_value)/2;
air.T_film.unit = 'C';

water.T_film.value = (water.T.value + air.T_film.value)/2;
water.T_film.unit = 'C';

Define properties of water at T_film.

water.mu.value = 1.0518*10^(-3);
water.mu.unit = 'N*s/m^2';

water.dens.value = 998.57;
water.dens.unit = 'kg/m^3';

1
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Define properties of air at T_film.

air.mu.value = 18.17*10^(-6);
air.mu.unit = 'N*s/m^2';

air.dens.value = 1.198;
air.dens.unit = 'kg/m^3';

air.Cp.value = 1006;
air.Cp.unit = 'J/(kg*k)';

air.k.value = 0.026;
air.k.unit = 'w/(m*k)';

v_dot.value = 0.02:0.02:1; v_dot.unit = 'm^3/s';

m_dot.value = air.dens.value*v_dot.value; m_dot.unit = 'm^3/s';

air.v.value = m_dot.value./air.dens.value./(pi*(0.5*Dia.i)^2); 
air.v.unit = 'm/s';

Determine flow friction factor (f) using Haaland's equation, given smooth pipe.

2



P_length.value = 100:100:5000;
P_length.unit = 'm';

Reynolds = air.dens.value .* air.v.value .* Dia.o ./ air.mu.value

Reynolds = 1×50
105 ×
    0.1469    0.2938    0.4407    0.5876    0.7345    0.8815    1.0284    1.1753

disp('Turbulent flow');

Turbulent flow

3



e_rough.value = 0; e_rough.unit = 'm';

friction_factor = (1./(-1.8.*log10((e_rough.value/Dia.i/3.7)^1.11 + 6.9./Reynolds))).^2;
friction_factor = friction_factor.';

Pr = 0.7;

NUD = 0.023 .* Reynolds.^(4/5) .* Pr^0.3;

h_bar.in = (air.k.value .* NUD ./Dia.i).';
h_bar.out = (air.k.value .* NUD ./Dia.o).';

UA = 1./(  (1./(h_bar.in*P_length.value .*pi.*Dia.i)) + (1./(h_bar.out*P_length.value .*pi.*Dia.o)) );

delta_Ti = water.T.value - air.T.in_value;
delta_To = water.T.value - air.T.out_value;

q_conv.value = UA .* (delta_To-delta_Ti) ./ log(delta_To/delta_Ti) .*(-1);
q_conv.unit = 'w';

figure(1);
Mesh0 = mesh(P_length.value, v_dot.value, q_conv.value);
title({'Heat Transfer Rate vs Volume Flow Rate vs Pipe Length' ...
    '- Lin, Riese'});
xlabel('Pipe Length (m)');
ylabel('Volume Flow Rate (m^3/s)');
zlabel('Heat Transfer Rate (w)');
ylim([0 1]);
xlim([0 5000]);
colorbar;
grid on;

4



Determine pump power at various pipe lengths.

delta_p = (friction_factor* P_length.value ) .* air.dens.value  .* (air.v.value).'.^2 ./2 ./Dia.i;

figure(2);
Mesh1 = mesh(P_length.value, v_dot.value ,delta_p);
title({'Pressure Drop vs Volume Flow Rate vs Pipe Length' ...
    '- Lin, Riese'});
xlabel('Pipe Length (m)');
ylabel('Volume Flow Rate (m^3/s)');
zlabel('Pressure Drop (N/m^2)');
ylim([0 1]);
xlim([0 5000]);
colorbar;
grid on;

5
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pump_power = m_dot.value.' .* delta_p ./ air.dens.value;
figure(3);
Mesh2 = mesh(P_length.value, v_dot.value ,pump_power);
title({'Pump Power vs Volume Flow Rate vs Pipe Length' ...
    '- Lin, Riese'});
xlabel('Pipe Length (m)');
ylabel('Volume Flow Rate (m^3/s)');
zlabel('Pump Power (w)');
ylim([0 1]);
xlim([0 5000]);
colorbar;
grid on;

6
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cost_1h = pump_power .* 0.15;
figure(4);
Mesh3 = mesh(P_length.value, v_dot.value ,cost_1h);
title({'Energy Cost for 1hr vs Volume Flow Rate vs Pipe Length' ...
    '- Lin, Riese'});
xlabel('Pipe Length (m)');
ylabel('Volume Flow Rate (m^3/s)');
zlabel('Energy Cost ($)');
ylim([0 1]);
xlim([0 5000]);
colorbar;
grid on;

7
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Heat Transfer Group Project
By: Cecilia Linck and Sarah Sawyer

Road Map

The first step in solving this problem is identifying what we want to solve first. The project asks
for submerged pipe length (L), so we decided to find that first. To do this, we first need to find
the heat transfer coefficient (h) for both the air inside of the pipe and the ocean water outside of
the pipe. To find h, we need to use the Reynolds number equation, which requires us to know
velocity.

KJB
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Air Inside Pipe
Find Velocity
We found velocity of the air inside of the pipe by using the volumetric flow rate given to us in

the problem statement. The volumetric flow rate ranged from 0.02 to 1 .𝑚3

𝑠
𝑚3

𝑠

𝑉 𝑚
𝑠 =

𝑄 [ 𝑚3

𝑠 ]

𝐴
𝑖
 [𝑚2]

Thus, using the inner area of the pipe, we were able to use this equation to find a range of
velocities for air in the pipe, which can be seen in our spreadsheet. Those values ranged from ~1
m/s to 32 m/s.
Find Reynolds Number
We found our Reynolds number by using the air velocity we calculated and some of the problem
properties.

𝑅𝑒 # =  
𝑈

𝑚
 [ 𝑚

𝑠 ] × 𝐷 [𝑚]

 ν[ 𝑚2

𝑠 ]

𝑅𝑒 # =  
0.6366 [ 𝑚

𝑠 ] × 0.2 [𝑚]

 0.000015444[ 𝑚2

𝑠 ]
= 6982. 39

Because our Reynolds number is larger than 2300 we know we are working with turbulent flow.

To find those properties, we used the following equation:

𝑇
𝑚

=
𝑇

𝑚,𝑖
+𝑇

𝑚,𝑜

2 = 26+19
2 = 22. 5𝐶 = 295. 5𝐾

Once we had that value for temperature, we used Table A.4 to find the values for

For , we got approximately . We were then able toν, ρ, 𝑐
𝑝
, 𝑘,  𝑎𝑛𝑑 µ. ν 15. 444 * 10−6 𝑚2

𝑠

calculate the Reynolds number for the varying velocities between 1 and 32 m/s. For the diameter,
we used the specified Di=0.20m, since the flow is through the inside of the pipe. See spreadsheet
for these values. We found that the Reynolds numbers calculated for this problem are larger than
2300. This means we have turbulent air flow in the pipe.

Find Nusselt Number
To find the Nusselt number you have to use the air properties, because it is the fluid flowing
through the pipe. We used the Dittus-Boelter Equation since we have internal turbulent flow:

𝑁𝑈 =  0. 023 (𝑅𝑒)4/5 ×  𝑃𝑟0.3



𝑁𝑈 =  0. 023 (6982. 39)4/5 ×  0. 707520.3 = 24. 65

The Prandtl number is raised to the 0.3 power because the air inside of the pipe is cooling. If the
air inside of the pipe was being heated, the Prandtl number would be raised to the 0.4 power.
Thus, we were able to get Nusselt numbers for each of the respective Reynolds numbers.

Find Heat Transfer Coefficient of Air in Pipe
Once the Nusselt was obtained, we could find the heat transfer coefficient of air flowing through
the pipe using the following equation:

ℎ
𝑎𝑖𝑟

[ 𝑊

𝑚2−𝑘
] =

𝑁𝑈 × 𝑘
𝑎𝑖𝑟

 [ 𝑊
𝑚−𝑘 ]

𝐷 [𝑚]  

ℎ
𝑎𝑖𝑟

[ 𝑊

𝑚2−𝑘
] =

24.65 ×  0.02614 [ 𝑊
𝑚−𝑘 ]

0.2 [𝑚]  = 3. 22 [ 𝑊

𝑚2−𝑘
]

Our values ranged between ~3-84ℎ
𝑎𝑖𝑟

𝑊

𝑚2𝐾

Ocean Water Outside Pipe

To find , we performed a similar analysis as that of the We realize that salt water isℎ
𝑤𝑎𝑡𝑒𝑟

ℎ
𝑎𝑖𝑟

.

slightly more dense than freshwater, but there was no saltwater table in the textbook. So, we just
chose to use Table A.6 (Saturated Water). This way, we were also able to get values for cp, k, etc.
based on our temperature, which was something we were unable to find online.

Find Velocity
To find the velocity of the ocean water, we were able to use the velocity curve provided. At the
specified depth of 50m, the curve shows a velocity of approximately 14.67 m/s.

Find Reynolds Number
For the Reynolds number, we needed to find the new to use in the equation:ν

𝑅𝑒 # =  
𝑈

𝑚
 [ 𝑚

𝑠 ] × 𝐷 [𝑚]

 ν[ 𝑚2

𝑠 ]

To do so, we used the provided temperature profile curve to approximate the temperature of the
water at 50m. Based on the curve, we assumed that the temperature was around 13 degrees C.
13C=286K, so we used 286K to find the properties of water at this temperature. We got that

. We also found Pr =8.56 and k=0.5916 W/mK. We also used the diameterν = 1196 * 10−6 𝑚2

𝑠

of Do=0.35m, since the flow is now occurring outside the pipe.



Find Nusselt Number
To find the Nusselt, we had to use the equation corresponding to a cylinder in cross flow:

𝑁𝑈 =  𝐶𝑅𝑒
𝐷

𝑚𝑃𝑟1/3

Where C and m are constants based off of Table 7.2. For us, we had a Reynolds number of 4293,
so our C=0.193 and our m=0.618. Therefore, our equation looked like:

𝑁𝑈 =  0. 193 * 42930.618 * 8. 561/3 = 69. 4
Find Heat Transfer Coefficient of Water over Pipe
Once the Nusselt was obtained, we could find the heat transfer coefficient of water flowing over
the pipe using the following equation:

ℎ
𝑤𝑎𝑡𝑒𝑟

[ 𝑊

𝑚2−𝑘
] =

𝑁𝑈 × 𝑘
𝑤𝑎𝑡𝑒𝑟

 [ 𝑊
𝑚−𝑘 ]

𝐷 [𝑚]  

Which gave us:
ℎ

𝑤𝑎𝑡𝑒𝑟
= 69.4*0.5916

0.35 = 117. 3

Finding the First Relationship
Pipe Length
To find the length, we then had to use the special case of external convection and internal flow:

𝑇
∞

−𝑇
𝑚,𝑜

𝑇
∞

−𝑇
𝑚,𝑖

= 𝑒𝑥𝑝[− 1
𝑚

𝑑𝑜𝑡
𝑐

𝑝

1
Σ𝑅

𝑡ℎ
]

Where is the summation of all the resistances in the system. For us, the resistances are thatΣ𝑅
𝑡ℎ

due to outer convection: , inner convection: , and conduction through the tube (since1
ℎ

𝑤𝑎𝑡𝑒𝑟
𝐴

𝑜

1
ℎ

𝑎𝑖𝑟
𝐴

𝑖

it is thick wall, cannot neglect resistance): . The areas for the convective resistances are
𝑙𝑛(

𝑟
2

𝑟
1

)

2π𝐿𝑘
equal to , so for the outer area: , and inner: . Therefore, we can rearrangeπ𝐷𝐿 π(0. 2)𝐿 π(0. 35)𝐿
the equation for L:

− 𝑙𝑛(
𝑇

∞
−𝑇

𝑚,𝑜

𝑇
∞

−𝑇
𝑚,𝑖

) * 𝑚
𝑑𝑜𝑡

𝑐
𝑝

= 1

1
𝐿 ( 1

ℎ
𝑤𝑎𝑡𝑒𝑟

π𝐷
𝑜

+ 1
ℎ

𝑎𝑖𝑟
π𝐷

𝑖
+

𝑙𝑛(
𝑟2
𝑟1

)

2π𝑘 )

Which gives:

𝐿 =
−𝑙𝑛(

𝑇
∞

−𝑇
𝑚,𝑜

𝑇
∞

−𝑇
𝑚,𝑖

)*𝑚
𝑑𝑜𝑡

𝑐
𝑝

1

( 1
ℎ𝑤𝑎𝑡𝑒𝑟π𝐷𝑜

+ 1
ℎ𝑎𝑖𝑟π𝐷𝑖

+
𝑙𝑛(

𝑟2
𝑟1

)

2π𝑘 )

=− (𝑙𝑛(
𝑇

∞
−𝑇

𝑚,𝑜

𝑇
∞

−𝑇
𝑚,𝑖

) * 𝑚
𝑑𝑜𝑡

𝑐
𝑝
)( 1

ℎ
𝑤𝑎𝑡𝑒𝑟

π𝐷
𝑜

+ 1
ℎ

𝑎𝑖𝑟
π𝐷

𝑖
+

𝑙𝑛(
𝑟

2

𝑟
1

)

2π𝑘 ) 

KJB
Pencil



Therefore, for the first volumetric flow rate value of 0.02 m^3/s, we(𝑚
𝑑𝑜𝑡

= 𝑄 * ρ
𝑎𝑖𝑟

= 0. 024)

get a length of:

− (𝑙𝑛( 13−19
13−26 ) * 0. 024 * 1007)( 1

117.3*π*0.35 + 1
3.65*π*0.2 +

𝑙𝑛( 0.35/2
0.2/2 )

2π*0.02594 ) = 71. 2𝑚
Then, we did this for each value of volumetric flow rate so we were able to see a parametric

relationship between the volumetric flow rate and the required length for the exit temperature to
be maintained at 19 degrees C. See graph below.

Looking at the graph above our data makes sense. The longer the pipe the higher your flow rate
needs to be to push the air all the way down the pipe.

Pressure Drop
Find Friction Factor
The first step in finding the pressure drop is finding the friction factor, since the equation for
pressure drop is as follows:

∆𝑃 = 𝑓
ρ

𝑎𝑖𝑟
*𝑢

𝑚
2

2 * ∆𝑥
𝐷

𝑖

Where is our mean velocity (obtained from volumetric flow rate), and x is our change in𝑢
𝑚

∆

length. To get our friction factor f, we must use the equation for turbulent flow:
1
𝑓

=− 1. 8𝑙𝑜𝑔
10

(( ϵ/𝐷
3.7 )1.11 + 6.9

𝑅𝑒 )
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Solve for f:

𝑓 = ( 1

−1.8𝑙𝑜𝑔
10

(( ϵ/𝐷
3.7 )1.11+ 6.9

𝑅𝑒 )
)2

For the roughness , our pipe is smooth.ϵ
Therefore, our friction factor for volumetric flow rate of 0.02 m^3/s was:

𝑓 = ( 1

−1.8𝑙𝑜𝑔
10

(( 0/0.2
3.7 )1.11+ 6.9

8244 )
)2 = 0. 033

Also, our mean velocity is 𝑢
𝑚

=
𝑚

𝑑𝑜𝑡

ρ
𝑎𝑖𝑟

𝐴
𝑐

 𝑤ℎ𝑒𝑟𝑒 𝐴
𝑐

= π𝐷2

4

For Q=0.02 m^3/s, 𝑢
𝑚

= 0.024

1.1824*(π(0.2)2/4)
= 0. 637 𝑚/𝑠

So we can find our pressure drop:

∆𝑃 = 0. 033 1.1824*0.6372

2 * 71.2
0.2 = 2. 78 𝑃𝑎

Our pressure drop ranged from this value all the way up to 129,461 Pa

Looking at the figure above, it shows that as the pipe length increases the pressure drop also
increases. This makes sense because the pipe roughness slows the air down in the pipe.

Therefore the pressure in the pipe drops because the speed of the air in the pipe slows down the
further it goes.

Fan Power to Overcome Friction



To make air in the duct properly flow a fan was added to the design criteria.
To find the amount of power needed for the fan to overcome the friction in the pipe we used this
equation:

𝑃𝑜𝑤𝑒𝑟 =
𝑚

𝑑𝑜𝑡
 ∆𝑃

ρ  =  𝑄∆𝑃

For Q = 0.02  m^3/s, P = 2.95 Pa∆
𝑃𝑜𝑤𝑒𝑟 =  0. 02 * 2. 95 = 0. 000059 𝑊𝑎𝑡𝑡𝑠 

Our data shows that as the pipe length increases, the more power the fan is going to need. This
makes sense because the farther the air has to travel, the more the air has to be pushed harder

from the start of the duct.



This table shows that as the friction in the pipe increases, the maximum length the pipe can be is
reduced. This makes sense because the more friction there is, the faster the pipe will heat up and

thus increase the exit temperature.

Heat Transfer Rate
To find the heat transfer rate from the ocean water to the air flowing in the pipe we used this
equation:

𝑞
𝑐𝑜𝑛𝑣

= 𝑚
𝑑𝑜𝑡

𝐶
𝑝
(𝑇

𝑚,𝑜𝑢𝑡
− 𝑇

𝑚
)

Where, , , ,𝑚
𝑑𝑜𝑡

= 0. 02 𝑚3

𝑠 𝐶
𝑝

= 1006. 9 𝐽
𝑘𝑔−𝑘 𝑇

𝑚,𝑜𝑢𝑡
= 19 𝐷𝑒𝑔𝑟𝑒𝑒𝑠 𝐶 𝑇

𝑚,𝑖𝑛
= 26 𝐷𝑒𝑔𝑟𝑒𝑒𝑠 𝐶

= -166.98 [watts]𝑞
𝑐𝑜𝑛𝑣

[𝑤𝑎𝑡𝑡𝑠] = 0. 02 * 1006. 9(19 𝐷𝑒𝑔𝑟𝑒𝑒𝑠 𝐶 − 26 𝐷𝑒𝑔𝑟𝑒𝑒𝑠 𝐶)

A negative number for this application makes sense because the air in the duct should be losing
heat as it travels through the pipe.



Looking at the graph above the data shown makes sense. The longer the air stays in the pipe the
more heat will be transferred from it due to the ocean being colder than the air inside of the pipe.

Annual Operating Cost
To find the annual operating cost of this cooling system we used this equation:

𝐴𝑛𝑛𝑢𝑎𝑙 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 [$] = 𝐹𝑎𝑛 𝑃𝑜𝑤𝑒𝑟[𝑊𝑎𝑡𝑡𝑠] *  ℎ𝑜𝑢𝑟𝑠
𝐷𝑎𝑦 * $

𝑘𝑊ℎ *  𝐷𝑎𝑦𝑠
𝑌𝑒𝑎𝑟   

𝐴𝑛𝑛𝑢𝑎𝑙 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 =  0. 0000589 [𝑤𝑎𝑡𝑡𝑠] * 24 ℎ𝑜𝑢𝑟𝑠
𝐷𝑎𝑦 * $0.15

𝑘𝑊ℎ * 365 𝐷𝑎𝑦𝑠
𝑌𝑒𝑎𝑟 = $0. 07 

$0.07 is a very low cost for this cooling system. After all of the construction to build this cooling
system is done it makes a little bit of sense because you are only paying for the electricity to run
the fan. You would not be paying to cool the air in a cooling system like an AC. The air would be
cool naturally by the water in the ocean. It should also be taken into account that this is the cost
to run the system for a very low volumetric flow rate. To make a low volumetric flow rate, the
fan will naturally not need to spin very fast, thus requiring less power. For higher volumetric
flow rates, such as 1 m^3/s, the required fan power was about 129kW, which had a yearly cost of
about $170,000. So the cost to run the system is heavily dependent on how fast the flow rate
must be.

KJB
Pencil



The graph above shows that the longer the pipe is underwater the higher the annual operating
cost. This is because of how much you would have to pay to supply electricity to power the fan
in the duct. The longer the pipe, the more electricity the fan will need to pump the same amount

of volume through the pipe to achieve that exit temperature of 19 degrees C.
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Heat Transfer Group Project
By: Cecilia Linck and Sarah Sawyer

Road Map

The first step in solving this problem is identifying what we want to solve first. The project asks
for submerged pipe length (L), so we decided to find that first. To do this, we first need to find
the heat transfer coefficient (h) for both the air inside of the pipe and the ocean water outside of
the pipe. To find h, we need to use the Reynolds number equation, which requires us to know
velocity.

KJB
Pencil



Air Inside Pipe
Find Velocity
We found velocity of the air inside of the pipe by using the volumetric flow rate given to us in

the problem statement. The volumetric flow rate ranged from 0.02 to 1 .𝑚3

𝑠
𝑚3

𝑠

𝑉 𝑚
𝑠 =

𝑄 [ 𝑚3

𝑠 ]

𝐴
𝑖
 [𝑚2]

Thus, using the inner area of the pipe, we were able to use this equation to find a range of
velocities for air in the pipe, which can be seen in our spreadsheet. Those values ranged from ~1
m/s to 32 m/s.
Find Reynolds Number
We found our Reynolds number by using the air velocity we calculated and some of the problem
properties.

𝑅𝑒 # =  
𝑈

𝑚
 [ 𝑚

𝑠 ] × 𝐷 [𝑚]

 ν[ 𝑚2

𝑠 ]

𝑅𝑒 # =  
0.6366 [ 𝑚

𝑠 ] × 0.2 [𝑚]

 0.000015444[ 𝑚2

𝑠 ]
= 6982. 39

Because our Reynolds number is larger than 2300 we know we are working with turbulent flow.

To find those properties, we used the following equation:

𝑇
𝑚

=
𝑇

𝑚,𝑖
+𝑇

𝑚,𝑜

2 = 26+19
2 = 22. 5𝐶 = 295. 5𝐾

Once we had that value for temperature, we used Table A.4 to find the values for

For , we got approximately . We were then able toν, ρ, 𝑐
𝑝
, 𝑘,  𝑎𝑛𝑑 µ. ν 15. 444 * 10−6 𝑚2

𝑠

calculate the Reynolds number for the varying velocities between 1 and 32 m/s. For the diameter,
we used the specified Di=0.20m, since the flow is through the inside of the pipe. See spreadsheet
for these values. We found that the Reynolds numbers calculated for this problem are larger than
2300. This means we have turbulent air flow in the pipe.

Find Nusselt Number
To find the Nusselt number you have to use the air properties, because it is the fluid flowing
through the pipe. We used the Dittus-Boelter Equation since we have internal turbulent flow:

𝑁𝑈 =  0. 023 (𝑅𝑒)4/5 ×  𝑃𝑟0.3



𝑁𝑈 =  0. 023 (6982. 39)4/5 ×  0. 707520.3 = 24. 65

The Prandtl number is raised to the 0.3 power because the air inside of the pipe is cooling. If the
air inside of the pipe was being heated, the Prandtl number would be raised to the 0.4 power.
Thus, we were able to get Nusselt numbers for each of the respective Reynolds numbers.

Find Heat Transfer Coefficient of Air in Pipe
Once the Nusselt was obtained, we could find the heat transfer coefficient of air flowing through
the pipe using the following equation:

ℎ
𝑎𝑖𝑟

[ 𝑊

𝑚2−𝑘
] =

𝑁𝑈 × 𝑘
𝑎𝑖𝑟

 [ 𝑊
𝑚−𝑘 ]

𝐷 [𝑚]  

ℎ
𝑎𝑖𝑟

[ 𝑊

𝑚2−𝑘
] =

24.65 ×  0.02614 [ 𝑊
𝑚−𝑘 ]

0.2 [𝑚]  = 3. 22 [ 𝑊

𝑚2−𝑘
]

Our values ranged between ~3-84ℎ
𝑎𝑖𝑟

𝑊

𝑚2𝐾

Ocean Water Outside Pipe

To find , we performed a similar analysis as that of the We realize that salt water isℎ
𝑤𝑎𝑡𝑒𝑟

ℎ
𝑎𝑖𝑟

.

slightly more dense than freshwater, but there was no saltwater table in the textbook. So, we just
chose to use Table A.6 (Saturated Water). This way, we were also able to get values for cp, k, etc.
based on our temperature, which was something we were unable to find online.

Find Velocity
To find the velocity of the ocean water, we were able to use the velocity curve provided. At the
specified depth of 50m, the curve shows a velocity of approximately 14.67 m/s.

Find Reynolds Number
For the Reynolds number, we needed to find the new to use in the equation:ν

𝑅𝑒 # =  
𝑈

𝑚
 [ 𝑚

𝑠 ] × 𝐷 [𝑚]

 ν[ 𝑚2

𝑠 ]

To do so, we used the provided temperature profile curve to approximate the temperature of the
water at 50m. Based on the curve, we assumed that the temperature was around 13 degrees C.
13C=286K, so we used 286K to find the properties of water at this temperature. We got that

. We also found Pr =8.56 and k=0.5916 W/mK. We also used the diameterν = 1196 * 10−6 𝑚2

𝑠

of Do=0.35m, since the flow is now occurring outside the pipe.



Find Nusselt Number
To find the Nusselt, we had to use the equation corresponding to a cylinder in cross flow:

𝑁𝑈 =  𝐶𝑅𝑒
𝐷

𝑚𝑃𝑟1/3

Where C and m are constants based off of Table 7.2. For us, we had a Reynolds number of 4293,
so our C=0.193 and our m=0.618. Therefore, our equation looked like:

𝑁𝑈 =  0. 193 * 42930.618 * 8. 561/3 = 69. 4
Find Heat Transfer Coefficient of Water over Pipe
Once the Nusselt was obtained, we could find the heat transfer coefficient of water flowing over
the pipe using the following equation:

ℎ
𝑤𝑎𝑡𝑒𝑟

[ 𝑊

𝑚2−𝑘
] =

𝑁𝑈 × 𝑘
𝑤𝑎𝑡𝑒𝑟

 [ 𝑊
𝑚−𝑘 ]

𝐷 [𝑚]  

Which gave us:
ℎ

𝑤𝑎𝑡𝑒𝑟
= 69.4*0.5916

0.35 = 117. 3

Finding the First Relationship
Pipe Length
To find the length, we then had to use the special case of external convection and internal flow:

𝑇
∞

−𝑇
𝑚,𝑜

𝑇
∞

−𝑇
𝑚,𝑖

= 𝑒𝑥𝑝[− 1
𝑚

𝑑𝑜𝑡
𝑐

𝑝

1
Σ𝑅

𝑡ℎ
]

Where is the summation of all the resistances in the system. For us, the resistances are thatΣ𝑅
𝑡ℎ

due to outer convection: , inner convection: , and conduction through the tube (since1
ℎ

𝑤𝑎𝑡𝑒𝑟
𝐴

𝑜

1
ℎ

𝑎𝑖𝑟
𝐴

𝑖

it is thick wall, cannot neglect resistance): . The areas for the convective resistances are
𝑙𝑛(

𝑟
2

𝑟
1

)

2π𝐿𝑘
equal to , so for the outer area: , and inner: . Therefore, we can rearrangeπ𝐷𝐿 π(0. 2)𝐿 π(0. 35)𝐿
the equation for L:

− 𝑙𝑛(
𝑇

∞
−𝑇

𝑚,𝑜

𝑇
∞

−𝑇
𝑚,𝑖

) * 𝑚
𝑑𝑜𝑡

𝑐
𝑝

= 1

1
𝐿 ( 1

ℎ
𝑤𝑎𝑡𝑒𝑟

π𝐷
𝑜

+ 1
ℎ

𝑎𝑖𝑟
π𝐷

𝑖
+

𝑙𝑛(
𝑟2
𝑟1

)

2π𝑘 )

Which gives:

𝐿 =
−𝑙𝑛(

𝑇
∞

−𝑇
𝑚,𝑜

𝑇
∞

−𝑇
𝑚,𝑖

)*𝑚
𝑑𝑜𝑡

𝑐
𝑝

1

( 1
ℎ𝑤𝑎𝑡𝑒𝑟π𝐷𝑜

+ 1
ℎ𝑎𝑖𝑟π𝐷𝑖

+
𝑙𝑛(

𝑟2
𝑟1

)

2π𝑘 )

=− (𝑙𝑛(
𝑇

∞
−𝑇

𝑚,𝑜

𝑇
∞

−𝑇
𝑚,𝑖

) * 𝑚
𝑑𝑜𝑡

𝑐
𝑝
)( 1

ℎ
𝑤𝑎𝑡𝑒𝑟

π𝐷
𝑜

+ 1
ℎ

𝑎𝑖𝑟
π𝐷

𝑖
+

𝑙𝑛(
𝑟

2

𝑟
1

)

2π𝑘 ) 



Therefore, for the first volumetric flow rate value of 0.02 m^3/s, we(𝑚
𝑑𝑜𝑡

= 𝑄 * ρ
𝑎𝑖𝑟

= 0. 024)

get a length of:

− (𝑙𝑛( 13−19
13−26 ) * 0. 024 * 1007)( 1

117.3*π*0.35 + 1
3.65*π*0.2 +

𝑙𝑛( 0.35/2
0.2/2 )

2π*0.02594 ) = 71. 2𝑚
Then, we did this for each value of volumetric flow rate so we were able to see a parametric

relationship between the volumetric flow rate and the required length for the exit temperature to
be maintained at 19 degrees C. See graph below.

Looking at the graph above our data makes sense. The longer the pipe the higher your flow rate
needs to be to push the air all the way down the pipe.

Pressure Drop
Find Friction Factor
The first step in finding the pressure drop is finding the friction factor, since the equation for
pressure drop is as follows:

∆𝑃 = 𝑓
ρ

𝑎𝑖𝑟
*𝑢

𝑚
2

2 * ∆𝑥
𝐷

𝑖

Where is our mean velocity (obtained from volumetric flow rate), and x is our change in𝑢
𝑚

∆

length. To get our friction factor f, we must use the equation for turbulent flow:
1
𝑓

=− 1. 8𝑙𝑜𝑔
10

(( ϵ/𝐷
3.7 )1.11 + 6.9

𝑅𝑒 )



Solve for f:

𝑓 = ( 1

−1.8𝑙𝑜𝑔
10

(( ϵ/𝐷
3.7 )1.11+ 6.9

𝑅𝑒 )
)2

For the roughness , our pipe is smooth.ϵ
Therefore, our friction factor for volumetric flow rate of 0.02 m^3/s was:

𝑓 = ( 1

−1.8𝑙𝑜𝑔
10

(( 0/0.2
3.7 )1.11+ 6.9

8244 )
)2 = 0. 033

Also, our mean velocity is 𝑢
𝑚

=
𝑚

𝑑𝑜𝑡

ρ
𝑎𝑖𝑟

𝐴
𝑐

 𝑤ℎ𝑒𝑟𝑒 𝐴
𝑐

= π𝐷2

4

For Q=0.02 m^3/s, 𝑢
𝑚

= 0.024

1.1824*(π(0.2)2/4)
= 0. 637 𝑚/𝑠

So we can find our pressure drop:

∆𝑃 = 0. 033 1.1824*0.6372

2 * 71.2
0.2 = 2. 78 𝑃𝑎

Our pressure drop ranged from this value all the way up to 129,461 Pa

Looking at the figure above, it shows that as the pipe length increases the pressure drop also
increases. This makes sense because the pipe roughness slows the air down in the pipe.

Therefore the pressure in the pipe drops because the speed of the air in the pipe slows down the
further it goes.

Fan Power to Overcome Friction



To make air in the duct properly flow a fan was added to the design criteria.
To find the amount of power needed for the fan to overcome the friction in the pipe we used this
equation:

𝑃𝑜𝑤𝑒𝑟 =
𝑚

𝑑𝑜𝑡
 ∆𝑃

ρ  =  𝑄∆𝑃

For Q = 0.02  m^3/s, P = 2.95 Pa∆
𝑃𝑜𝑤𝑒𝑟 =  0. 02 * 2. 95 = 0. 000059 𝑊𝑎𝑡𝑡𝑠 

Our data shows that as the pipe length increases, the more power the fan is going to need. This
makes sense because the farther the air has to travel, the more the air has to be pushed harder

from the start of the duct.



This table shows that as the friction in the pipe increases, the maximum length the pipe can be is
reduced. This makes sense because the more friction there is, the faster the pipe will heat up and

thus increase the exit temperature.

Heat Transfer Rate
To find the heat transfer rate from the ocean water to the air flowing in the pipe we used this
equation:

𝑞
𝑐𝑜𝑛𝑣

= 𝑚
𝑑𝑜𝑡

𝐶
𝑝
(𝑇

𝑚,𝑜𝑢𝑡
− 𝑇

𝑚
)

Where, , , ,𝑚
𝑑𝑜𝑡

= 0. 02 𝑚3

𝑠 𝐶
𝑝

= 1006. 9 𝐽
𝑘𝑔−𝑘 𝑇

𝑚,𝑜𝑢𝑡
= 19 𝐷𝑒𝑔𝑟𝑒𝑒𝑠 𝐶 𝑇

𝑚,𝑖𝑛
= 26 𝐷𝑒𝑔𝑟𝑒𝑒𝑠 𝐶

= -166.98 [watts]𝑞
𝑐𝑜𝑛𝑣

[𝑤𝑎𝑡𝑡𝑠] = 0. 02 * 1006. 9(19 𝐷𝑒𝑔𝑟𝑒𝑒𝑠 𝐶 − 26 𝐷𝑒𝑔𝑟𝑒𝑒𝑠 𝐶)

A negative number for this application makes sense because the air in the duct should be losing
heat as it travels through the pipe.



Looking at the graph above the data shown makes sense. The longer the air stays in the pipe the
more heat will be transferred from it due to the ocean being colder than the air inside of the pipe.

Annual Operating Cost
To find the annual operating cost of this cooling system we used this equation:

𝐴𝑛𝑛𝑢𝑎𝑙 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 [$] = 𝐹𝑎𝑛 𝑃𝑜𝑤𝑒𝑟[𝑊𝑎𝑡𝑡𝑠] *  ℎ𝑜𝑢𝑟𝑠
𝐷𝑎𝑦 * $

𝑘𝑊ℎ *  𝐷𝑎𝑦𝑠
𝑌𝑒𝑎𝑟   

𝐴𝑛𝑛𝑢𝑎𝑙 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 =  0. 0000589 [𝑤𝑎𝑡𝑡𝑠] * 24 ℎ𝑜𝑢𝑟𝑠
𝐷𝑎𝑦 * $0.15

𝑘𝑊ℎ * 365 𝐷𝑎𝑦𝑠
𝑌𝑒𝑎𝑟 = $0. 07 

$0.07 is a very low cost for this cooling system. After all of the construction to build this cooling
system is done it makes a little bit of sense because you are only paying for the electricity to run
the fan. You would not be paying to cool the air in a cooling system like an AC. The air would be
cool naturally by the water in the ocean. It should also be taken into account that this is the cost
to run the system for a very low volumetric flow rate. To make a low volumetric flow rate, the
fan will naturally not need to spin very fast, thus requiring less power. For higher volumetric
flow rates, such as 1 m^3/s, the required fan power was about 129kW, which had a yearly cost of
about $170,000. So the cost to run the system is heavily dependent on how fast the flow rate
must be.



The graph above shows that the longer the pipe is underwater the higher the annual operating
cost. This is because of how much you would have to pay to supply electricity to power the fan
in the duct. The longer the pipe, the more electricity the fan will need to pump the same amount

of volume through the pipe to achieve that exit temperature of 19 degrees C.
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Roadmap

We need to determine the convective heat transfer coefficient between the thick wall

copper pipe and the water flowing over it. This is a special case because the pipe has a

thick wall.

● Given: water @ depth of 50m = 13 C (from plot)

● The velocity of the external water (in cross flow) = 1467 cm/s = 14.67 m/s

● Assumptions for the water: = 999.46 kg/m3 and = 0.0010518 N*s/m2ρ µ



First, the Reynolds Number must be determined:

𝑅
𝑒𝐷

= ρ𝑉𝐷
µ =

(999.46 𝑘𝑔

𝑚3 ×14.67 𝑚
𝑠 ×0.35 𝑚)

(1.0518×10−3 𝑁·𝑠

𝑚2 )
=  4. 879 × 106

The Reynolds Number is greater than 2300. Therefore we have turbulent flow.

Now the Nusselt Number can be found:

𝑁𝑈
𝐷

= 0. 023 * 𝑅𝑒4/5 * 𝑃𝑟𝑛

Where n=0.3 due to cooling

In order to find the Nusselt Number, the Prandtl Number is needed:

𝑃𝑟 =
µ𝑐

𝑝

𝑘
𝑓𝑙𝑢𝑖𝑑

=
(1.0518×10−3 𝑁·𝑠

𝑚2 )×(4181 𝐽/𝐾𝑔𝐾)

0.575 𝑊/𝑚𝑘 =  7. 64

Now the Nusselt Number can be calculated:

𝑁𝑈
𝐷

= 0. 023 * (4. 879 × 106)
4/5

* 7. 640.3 = 9491
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The convective heat transfer coefficient can be calculated as seen below:

ℎ
0

= 𝑘
𝑓𝑙𝑢𝑖𝑑

𝑁𝑈
𝐷

𝐷 = 0. 575 𝑊/𝑚𝑘 9491
0.35𝑚( ) = 15, 592 𝑤

𝑚2𝑘

The convective heat transfer coefficient can be used to find the heat rate per unit length
of the pipe:

𝑞(𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑙𝑒𝑛𝑔𝑡ℎ) = ℎ
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Now we can find the pressure drop:
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Assume Drawn Tubing for the material when finding the relative roughness:
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Now we can find the relationship between the internal flow rate and the pipe
length:
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Now the work done to flow the fluid can be calculated per unit length:
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The annual cost of operating this system can also be found by using the
flow work and the operating cost in kWh in order to calculate the yearly cost
depending on the length of the pipe:
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Finally, the heat rate can also be found depending on the length of the pipe,
using the heat rate per unit length calculation from earlier:
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