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Abstract 

In recent years, there has been unprecedented interest shown in the Arctic region by the industry as it 
has become increasingly accessible for exploration. It has become quite common to have oil & gas field 
developments in such areas, which till a few decades ago posed serious challenges, one of the ongoing 
challenge is, how to minimize the heat loss from the piping system and deck elements with effective 
design and insulation. Engineering research in heat transfer studies and design of material suitable for 
low ambient temperature has progressed in right direction to instill confidence in operators that energy 
loss can be minimized.  

This thesis tries to answer some of these queries by undertaking comprehensive study of the heat transfer 
phenomenon in horizontal pipes and deck elements. Detailed review of the available literature on heat 
transfer coefficients for pipes and plates subjected to cross flow wind were carried out to understand the 
current industry standards and establish a test methodology to determine heat transfer coefficients 
through experiments. A jig was designed for accommodating multiple pipes and carrying out the 
experiments at the climate laboratory capable of simulating subzero temperatures and cross flow wind, 
which was controlled and constantly monitored. Deck element for testing was free issued by GMC.         
In this thesis, cross flow wind of 5 m/s, 10 m/s and 15 m/s blowing over several single pipe and multiple 
pipe configurations of diameter 25 mm and 50 mm steel pipes with and without insulation were 
examined. The joint experiment with (Kvamme, 2016) involved more than 380 hours of  testing at the 
climate laboratory. Detailed calculations were performed both manually and using programming code 
for theoretical and experimental readings to determine the effect of cross flow wind and insulation on 
the heat transfer coefficients.  

A thorough comparison of the heat transfer coefficients determined experimentally and through 
theoretical methods using existing heat transfer correlations such as the Hilpert, Fand and Keswani, 
Morgan, Žukauskas, Whitaker and Churchill-Bernstein for horizontal pipes under cross-flow wind 
conditions showed that the values were in good agreement for the insulated pipes with the deviation in 
the range 0.5 - 2.82 % for diameter 50 mm insulated pipe and 12 -14 % for diameter 25 mm insulated 
pipe. Comparison of diameter 50 mm uninsulated and insulated pipe showed that the reduction in heat 
transfer coefficient is in the range of 400 - 4000 % with the usage of insulation material having low 
thermal conductivity. 

However, in the case of uninsulated pipe and deck element, the values were substantially higher for 
experimental heat transfer coefficient values compared to theoretical results. The values were in the 
range 72 - 88 % and 17- 90 % respectively. Time to freeze results for diameter 25 mm and diameter 50 
mm uninsulated and insulated pipes showed increase in time to freeze by 27 %  and by 52 % with the 
usage of 10 mm and 25 mm insulation respectively in the case of diameter 25 mm pipe. For diameter 50 
mm pipe, the time to freeze increased by 22 % and 47 % respectively for similar increase in insulation 
thicknesses. Based on the governing criteria and experimental findings, the Churchill-Bernstein 
correlation was suggested as the best method for use by the industry.  

 

Keywords: Heat transfer correlations, overall heat transfer coefficient, cross-flow wind, flat plate, heat 
transfer, heat loss, convective heat transfer, insulated pipe, flat plate 
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1 Introduction 

1.1 General 
Arctic Region is considered to be one of most important emerging frontiers of the oil and gas industry 
even though it is amongst the least understood in terms of familiar parameters. The Arctic region refers 
to a portion of the Earth which is above 66.5o N latitude. It encompasses approximately 6% of the globe’s 
surface. The Arctic region consists of 1/3rd land, 1/3rd continental shelf, and 1/3rd waters which is 
deeper than 500 m (Budzik, 2009). The Arctic has shares of eight countries: Canada, Denmark 
(Greenland), Finland, Iceland, Norway, Russia, Sweden, and the United States as shown in Figure 1-1 
below. There is no other region on Earth which is this large and has largely remain unexplored in terms 
of exploration and development to produce hydrocarbons. Governments and international operators have 
been initiating a lot of new exploration activities in the Arctic region over the years, due to declining 
production from mature oil fields worldwide and growing demand. (Spath, 2013) 

 
Figure 1-1 Region within the Arctic Circle  

(North America is to the left and Eurasia is to the right)(National Geophysical Data Center, 2012)                                                   
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There is considerable uncertainty surrounding the estimate of Arctic hydrocarbon resources due to the 
restricted amount of data from wells drilled throughout this huge region. As per the Circum-Arctic 
Resource Appraisal (CARA) performed by the US Geological Survey in 2008 using a probabilistic 
methodology of geological analysis and analog modeling, total undiscovered conventional hydrocarbon 
resources of 90 billion bbl of oil, 1,669 Tcf of natural gas, and 44 billion bbl of NGL i.e. a total of 412 
billion BOE is yet to be found in the Arctic which constitutes vast 30% of the world’s undiscovered gas 
and 13% of the undiscovered oil (Bishop et al., 2011) 

 

The map in Figure 1-2 shows the most promising areas for finding yet-to-find (YTF) or undiscovered 
conventional hydrocarbon resources. The height of each columns represents the volume of YTF 
resources i.e. red for gas and green for oil in billions of BOE. It is evident from the data that most of 
these undiscovered resources consist of natural gas in Russia. See Figure 1-3 which shows percentage 
of worldwide hydrocarbon resources in Arctic region .(Bishop et al., 2011) 

However, only a few of the large Arctic fields which were discovered in the 1970s and 1980s have been 
developed until now, mainly because of high costs, major technical, environmental, and logistical 

Figure 1-2 Yet-To-Find Arctic Resources in Billion Barrels of Oil Equivalent (Bird et al., 2008) 
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challenges. One of the most important challenge is design an equipment to withstand extremely cold 
temperatures, strong wind, and severe ice conditions besides constant changes in weather which 
primarily interferes with the work schedules. Arctic region usually has a very short operating season of 
about 3 months per year. (Spath, 2013) 

 

Figure 1-3 Arctic Region: Percentage of Worldwide Hydrocarbon Resources (Bird et al., 2008)  

With the climate change rendering the Arctic region increasingly accessible to human intervention, there 
has been a significant increase in industry’s interest in the region, whatever be the ultimate hydrocarbon 
reserves, it is evident that Arctic resources are adequate enough to attract enhanced exploration and 
development; it is estimated that over $100 billion could be invested in the development of Arctic over 
the next decade and  Energy companies and service companies will be at the forefront of  this 
investment.(Eurasia Group, 2014)  

Development in the Arctic requires costly, customized technologies as well as precautions necessary for 
the extreme climatic conditions, it represents the final frontier in the conventional hydrocarbon 
development field. Finding these resources and bringing them to the customer could require another 20 
years or more based on the current understanding. It is forgone conclusion that substantial investment 
and extensive exploration activity will be required to line up these resources as the next significant source 
of energy supply after the shale oil and shale gas. The best practices from countries like Norway and 
Russia have to be derived to overcome the technical and environmental challenges as they have been 
successful in exploration and development activity in their Arctic territories. Though, Norway cannot be 
truly classified as “Arctic” because of the absence of pack ice and permafrost. (Eurasia Group, 2014) 

One of the crucial challenge in the Arctic is minimizing the heat loss occurring from pipes and deck 
elements because of the environmental conditions. The measures taken to minimize the energy loss from 
these elements play a significant role in the overall cost escalation and thus, are driving the research and 
development towards studies to find an optimized solution for this issue. Success in overcoming this 
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challenge especially in these remote areas will solely depend on proper selection of best existing 
technologies and efforts in the development of more efficient ones. Also, the Arctic resource base largely 
contains natural gas and natural gas liquids, which are more challenging and expensive to transport than 
oil over long distances. Major development in liquefied natural gas (LNG) technologies has made natural 
gas increasingly available in markets far away from these regions. But, the advantage has so far primarily 
been realized by LNG plants which are built in low and middle latitude regions. (Budzik, 2009) 

 

1.2 Tasks 
 

1. Assess the relevant theoretical methods and industry standards used for describing the heat 
transfer from heated deck elements and for pipes exposed to a cross-flow wind arrangement. For 
pipes, insulation and heat transfer bridge (e.g. pipe supports) must be included in the 
methodology.  
 

2. Based on the findings in Task 1, suggest the best method for use by the industry for describing 
the heat transfer from pipes and decks, and document the argumentation behind. The arguments 
below must be taking into consideration.  

a. Ease of use 
b. Range of validity 
c. Accuracy 

 
3. Develop a test methodology for testing the heat transfer from the pipes and heated deck elements, 

conforming to industrial usage scenarios and perform experiments to validate the findings in 
Task 1. Heated deck elements for testing shall be obtained from GMC. The testing rig for the 
heat transfer from pipes needs to be designed, procured and assembled.   
 

4. Define the deviation between the theoretical and experimental approaches for each case.  
 

5. Develop tables describing the required time to freeze for different diameters and different degrees 
of insulation based on the theoretical approach, with correctional factors (if required) from the 
experimentation.  
 

6. Based on findings from the theoretical and experimental approaches: 
a. Defined key elements to be considered for an optimal design of the deck elements 
b. Recommend a design that fulfils industry requirements 
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1.3 Scope of this Report 
Oil and gas offshore production facilities, ships and LNG carriers operating in extreme cold climate and 
Arctic conditions require numerous design considerations and operational preparedness for intended 
purpose. Offshore winterization of equipment is considered to be one of the crucial aspects for ensuring 
100 percent that a facility is fully capable of and appropriately prepared for the operations in Arctic 
condition and cold climates. During operational mode, the facility which is located in the cold 
temperature needs to have the piping equipment and deck required for safe working and commercial 
operation functional all the time and must be adequately designed to minimize risk of hazards against 
freezing, icing, and material properties  (Conachey et al., 2007, IMO, 2016, DNV GL, 2015, Lee and 
Dasch, 2015) 
This thesis will investigate the winterization issues on piping system and deck equipment surface based 
on the present relevant theories and industry standards pertaining to heat transfer and measures to reduce 
heat loss from pipes using insulation which is basically a low conductivity material applied to the pipes 
and through heat tracing in the case of deck elements. The aim in section 2 will be to compare all the 
relevant theories and suggest the best method which can be implemented by the industry for maximum 
output with minimal effort and cost.  
The write up in section 3 will discuss about the designing of the testing jig and test methodology 
developed to study the actual heat transfer in pipes and deck elements including the simulation of the 
arctic condition in GMC’s climate laboratory to get accurate results. Arduino programming code 
developed to get the surface temperature readings from the pipe surface as part of the test methodology 
is discussed. The experimental procedure is covered in detail to show the resemblance to the actual 
conditions. Thus, trying to validate and relate the theoretical and the practical aspect. The calculations 
based on the actual data obtained from the experiments conducted over the span of 3 months in the test 
facility is presented in section 4. Detailed calculation for heat transfer in insulated pipe, uninsulated pipe 
and deck element under strong cross flow wind conditions are part of section 4 of this report.  

In Section 5, the results from all the experimental and theoretical calculations performed using python 
code and Microsoft Excel program are presented along with discussion. Also, tables which will describe 
the time to freeze for different diameter pipes i.e. 25mm and 50mm with varying thickness of insulation 
is also covered. Plots and tables comparing the overall heat transfer coefficient for uninsulated pipe, 
insulated pipe and deck element is part of section 5 while conclusions including recommendation of the 
best design suited for industrial use and requisite key elements to be considered for optimal design are 
covered under Section 6.  

The objective of the thesis is to cover all the aspects as specified in the task list and identify winterization 
needs, design considerations and proper safeguards for pipes and deck element, considered to be 
important for operation and to safety of the personnel, environment and facility. 
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2 Theory 

In order to determine the heat loss from the pipes and deck element under various scenarios, it is 
extremely important to establish an equation that would take into account all the environmental factors, 
which is extremely difficult. The calculation of heat loss from the pipe surface or deck element is in 
general not difficult unless there is a situation which involves wind flowing over the surface, in that case 
the equation becomes rather complex. In our case, there is wind flowing over the pipe surface and the 
deck element. 

To get started with the process, it is important to establish the constants and calculations that were used 
and which all assumptions were made. Some concepts and ratios are fundamental to the heat transfer 
calculations which will later be performed, and a brief introduction is presented here. 

2.1 Basic Concept 
The basic principle behind this whole experiment revolves around the concept that any substance that is 
warmer than the surrounding it is placed in, it will transfer energy in the form of heat to the surroundings 
until the material and surroundings are in equilibrium with each other, this is the result of the temperature 
difference (Second Law of Thermodynamics). Heat transfer mechanisms are divided into following three 
types: 

 

1. Conduction 

2. Convection 

3. Thermal radiation 

 

These different types of heat transfer mechanisms are shown in Figure 2-1.The method of conduction is 
generally used to describe the heat transfer that happens when a temperature gradient is present in a solid 
or fluid medium. The method of convection describes the heat transfer that will occur between a surface 
and a moving fluid when they are at different temperatures. In thermal radiation, electromagnetic waves 
will transfer energy between different surfaces, unless an obstructing medium is introduced and we are 
aware that all surfaces that has a temperature, will continue to emit energy to the surroundings in the 
form of electromagnetic waves. (Incropera et al., 2006) 

 

2.1.1 Conduction 
 

In conduction, there is transfer of energy from higher energy particles of a substance to the adjacent lower 
energy particles as a result of the interactions between the particles. Conduction can happen in solids, 
liquids and gases. In the case of liquids and gases, conduction happens because of the collision and 
diffusion of the molecules during their motion which is random (Çengel, 2006). The property of the 
material which governs how effective the object will transfer the thermal energy to the adjacent object 
is thermal conductivity. Metals are considered to be very good conductors of heat. For one dimensional 
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steady state heat conduction, conductive heat transfer is obtained from Fourier’s law of heat conduction 
and presented in (2.1). 

 

Figure 2-1 Conduction, Convection and Thermal Radiation (Incropera et al., 2006) 

𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = −𝑘𝑘𝑘𝑘
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

    (2.1) 

 

Where, dT /dx is defined as the temperature gradient. Under steady-state conditions, the temperature 
gradient because of linear temperature distribution can be written as: 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

=
𝑇𝑇2−𝑇𝑇1

𝐿𝐿
 (2.2) 

 
Based on equation (2.1) given above, conductive heat transfer through a pipe wall can be formulated. 
Assuming a pipe with constant thermal conductivity for the pipe wall and no heat propagation through 
the wall and having the below parameters. 

• ri is the inner radius  

• ro is the outer radius 

• L is the length 

• Thermal conductivity, k is the Thermal conductivity 

• Ti is the internal temperature 

• T∞ is the external temperature 

Fourier’s law of heat conduction applied to a pipe wall can then be expressed as: 

𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑐𝑐𝑐𝑐𝑐𝑐 = −𝑘𝑘𝑘𝑘
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 (2.3) 

 

Where A = 2πrL is the surface area (heat transfer) at radius r. 
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Equation (2.3), after rearrangement and integration with respective boundary conditions gives: 

�
𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑐𝑐𝑐𝑐𝑐𝑐

𝐴𝐴
𝑑𝑑𝑑𝑑

𝑟𝑟2

𝑟𝑟1

= − � 𝑘𝑘𝑘𝑘𝑘𝑘

𝑇𝑇∞

𝑇𝑇𝑖𝑖

 
(2.4) 

Equation (2.4), after inserting formulae for the surface area gives: 

𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑐𝑐𝑐𝑐𝑐𝑐 = 2𝜋𝜋𝜋𝜋𝜋𝜋
𝑇𝑇𝑖𝑖−𝑇𝑇∞

ln( 𝑟𝑟0 𝑟𝑟𝑖𝑖)⁄  (2.5) 

 

2.1.2 Convection 
 

In convective heat transfer, there is the transfer of energy by a fluid which is in motion. Convective heat 
transfer is of two types: Forced convection and natural convection. Forced convection is when an 
external medium such as a blower, fan, pump or other agent passes air over the surface. Natural 
convection takes place when there is no fluid movement happening over the surface of the object. The 
change in temperature of the fluid medium results in the change of the density of the fluid medium, 
causing circulation effect, due to buoyancy effect as the dense fluid falls, and the light or warm fluid 
rises. This thesis deals with only forced convection as cross-flow wind is considered. The formulae for 
convective heat transfer rate is shown in equation (2.6) 

𝑞𝑞 = ℎ𝐴𝐴 (𝑇𝑇𝑖𝑖 − 𝑇𝑇∞) =
𝑇𝑇𝑖𝑖−𝑇𝑇∞

(1 ℎ𝐴𝐴⁄ )
            (2.6) 

Parameters are: 

• h is the convective heat transfer coefficient 

• A is the surface area, 

• Ti is the internal temperature 

• T∞ is the external temperature 

 

2.1.3 Thermal Radiation 
 

Thermal radiation is the energy which is emitted by any object which is at non-zero temperature 
(Holman, 2010) The formula for heat transfer rate in radiation is shown below:  

𝑞𝑞 = 𝜀𝜀𝜀𝜀𝜀𝜀 (𝑇𝑇𝑖𝑖
4 − 𝑇𝑇∞

4 )              (2.7) 
Parameters are: 

• ε is the emissivity and depends on the geometry and properties of the surface. 

• σ is Stefan-Boltzmann constant 
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• A is defined as the surface area, 

• Ti is the internal temperature, 

• T∞ is the external temperature, 

 

2.1.4 Thermal resistance 
 

The concept of thermal resistance can help to greatly simplify otherwise complex heat transfer problems. 
Many physical phenomena can be described by the general equation shown below (Serth, 2007). 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
 (2.8) 

 

Ohm’s Law in electricity follows this general equation.  

𝐼𝐼 =
 𝑉𝑉
𝑅𝑅𝑒𝑒

            (2.9) 

 

Heat transfer uses the same principle. In heat transfer, flow rate is the heat. Temperature difference 
between the object and the surroundings is the driving force, and thermal resistance is the resistance 
offered to the flow, which is denoted by Rth. From this, equation (2.10) is obtained, which is the 
governing equation in the heat transfer calculations which will be done in the calculation section. 

𝑞𝑞 =
𝑑𝑑𝑑𝑑
𝑅𝑅𝑡𝑡ℎ

            (2.10) 

 

It is to be noted that the principle is the same as Ohm’s Law of electricity and thus, the thermal resistance 
can be specified in the same way as electrical resistance. 

Therefore, for series arrangement, the total resistance is given by equation (2.11) and equation (2.12) 
shows the total resistance in parallel,  

𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡 = � 𝑅𝑅𝑖𝑖
𝑖𝑖

            (2.11) 

 

𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡 = �� �
1
𝑅𝑅𝑖𝑖

�
𝑖𝑖

�
−1

 (2.12) 
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Figure 2-2 shows the implementation of the same. In this figure, there is a cross section of the composite 
material having four different materials with different value of thermal resistances,  

The total value of thermal resistance is: 

                                                         Rth, tot = RA + RBC + RD 

 
Figure 2-2 Heat transfer through a composite material (Serth, 2007) 

 
Where RBC is: 

𝑅𝑅𝐵𝐵𝐵𝐵 = �
1

𝑅𝑅𝐵𝐵
+

1
𝑅𝑅𝐶𝐶

�
−1

=
𝑅𝑅𝐵𝐵𝑅𝑅𝑐𝑐

𝑅𝑅𝐵𝐵 + 𝑅𝑅𝐶𝐶
 

 

Using the principle of thermal resistance, previously explained in equation (2.5) for conduction, can be 
rewritten as: 

 

Where, Rcond,cyl is the thermal resistance for the pipe layer, given as: 

 
For convection, Rconv,cyl  is given as: 

 

𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑐𝑐𝑐𝑐𝑐𝑐 =
𝑇𝑇1−𝑇𝑇2

𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑐𝑐𝑐𝑐𝑐𝑐
             

𝑅𝑅  𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑐𝑐𝑐𝑐𝑐𝑐 =
ln( 𝑟𝑟2 𝑟𝑟1)⁄

2𝜋𝜋𝜋𝜋𝜋𝜋
         (2.13) 

𝑅𝑅  𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,,𝑐𝑐𝑐𝑐𝑐𝑐 =
1

2𝜋𝜋𝜋𝜋𝜋𝜋ℎ
         (2.14) 
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2.1.5 Distribution of Temperature in a composite cylindrical wall 

 
Figure 2-3 Temperature distribution for a composite cylindrical wall (Incropera et al., 2006) 

In the case of a composite system having multiple layers, we neglect the interfacial contact resistances 
and the heat transfer can be expressed as below 

𝑞𝑞𝑟𝑟 =
𝑇𝑇∞,1 − 𝑇𝑇∞,4

1
2𝜋𝜋𝑟𝑟1𝐿𝐿ℎ1

+ ln( 𝑟𝑟2 𝑟𝑟1)⁄
2𝜋𝜋𝐾𝐾𝐴𝐴𝐿𝐿 + ln( 𝑟𝑟3 𝑟𝑟2)⁄

2𝜋𝜋𝐾𝐾𝐵𝐵𝐿𝐿 + ln( 𝑟𝑟4 𝑟𝑟3)⁄
2𝜋𝜋𝐾𝐾𝑐𝑐𝐿𝐿 + 1

2𝜋𝜋𝑟𝑟4𝐿𝐿ℎ4

    (2.15) 

The above equation can be presented in terms of the overall heat transfer coefficient form as shown in 
equation (2.16) 

𝑞𝑞𝑟𝑟 =
𝑇𝑇∞,1 − 𝑇𝑇∞,4

𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡
 = 𝑈𝑈𝑈𝑈(𝑇𝑇∞,1 − 𝑇𝑇∞,4)  (2.16) 

The overall heat transfer coefficient U can be defined in terms of the inside area of the composite section, 
A1 = 2πr1L, equating (2.15) and (2.16) will give (Incropera et al., 2006) 

𝑈𝑈1 =
1

1
ℎ1

+ 𝑟𝑟1
𝐾𝐾𝐴𝐴

ln 𝑟𝑟2
𝑟𝑟1

+ 𝑟𝑟1
𝐾𝐾𝐵𝐵

ln 𝑟𝑟3
𝑟𝑟2

+ 𝑟𝑟1
𝐾𝐾𝑐𝑐

ln 𝑟𝑟4
𝑟𝑟3

+ 𝑟𝑟1
𝑟𝑟4

1
ℎ4

   (2.17) 
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2.1.6 Nusselt number 
 

The Nusselt number is a dimensionless number and provides a measure of the convection coefficient, or 
the ratio of convection to pure conduction heat transfer. The equation for Nusselt number is shown 
below, where D is characteristic length of the surface, diameter for pipe. (Kothandaraman, 2006).  

𝑁𝑁𝑁𝑁𝐷𝐷 =  
ℎ𝐷𝐷
𝑘𝑘

     (2.18) 

2.1.7 Prandtl number 
 

The Prandtl number is a dimensionless number and shows the ratio of momentum diffusivity and thermal 
diffusivity. It provides a measure of the relative effectiveness of momentum and energy transport by 
diffusion in the velocity and thermal boundary layers. The equation to find the Prandtl number is 
presented below (Incropera et al., 2006).  

𝑃𝑃𝑃𝑃 =  
𝐶𝐶𝑝𝑝𝜇𝜇𝜇𝜇
𝑘𝑘 ∝

  (2.19) 

2.1.8 Reynolds number 
 

The Reynolds number is a dimensionless number and shows the ratio of inertia to viscous forces, and 
can be used to characterize the flows at the boundary layer. The Reynolds number is defined below. 
(Moran et al., 2003).  

𝑅𝑅𝑅𝑅𝐷𝐷 =  
𝜌𝜌𝑢𝑢∞𝐷𝐷

𝜇𝜇
=

𝑢𝑢∞𝐷𝐷
𝜈𝜈

 (2.20) 

 
As shown in Figure 2-4 presented in section 2.2.2, the transition between laminar and turbulent flow 
takes place at an arbitrary location xc. This is important when calculating the behaviour at the boundary 
layer. This location is found  from the critical Reynolds number, Rex,c  which varies from 1×105  to           
3 × 106, depending on the turbulence level of the air and surface roughness, a value of 5 × 105 is 
frequently used. The formulae for  the critical Reynolds number is shown below.(Incropera et al., 2006) 

𝑅𝑅𝑅𝑅𝑥𝑥,𝑐𝑐 =  
𝜌𝜌𝑢𝑢∞𝑥𝑥𝑐𝑐

𝜇𝜇
        (2.21) 

2.1.9 Film temperature 
 

The term film temperature was formulated by (Çengel, 2006) in order to account for the variation in 
thermodynamic properties with temperature. It is defined as the average of the surface and ambient 
temperature. Fluid properties are assumed to be constant during the entire flow when considering the 
film temperature. The equation is shown below in (2.22). 

𝑇𝑇𝑓𝑓 =
𝑇𝑇𝑠𝑠 + 𝑇𝑇∞

2
        (2.22) 
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2.2 Heat transfer correlations 
2.2.1 Forced flow over a cylinder in cross-wind 

 
In order to calculate the convective heat transfer coefficient of a cylinder in cross-flow wind, a correlation 
is required. There are many correlations that can be used, with wide applicability and accuracy. 
(Incropera et al., 2006) suggests an accuracy of ±20% using this correlation whereas  (Moran et al., 2003) 
has put  the expected accuracy in the range ±25-30%.  
 

There have been many comparisons of the different correlations. (Morgan, 1975) had done a detailed 
review of the existing literature on convective heat transfer. (Manohar and Ramroop, 2010) carried out 
a comparison study of five different correlations using experimental findings on inclined pipes at 
different wind speeds. Later some errors were found in the constants used by them for some of the 
correlations. (Whitaker, 1972) carried out an elaborate review of different correlations and reviewed 
them based on comparative plots. 

 

2.2.1.1 Hilpert correlation 
 

This correlation was suggested  by (Hilpert, 1933), and provides a good estimate for the average Nusselt 
number for a pipe in a cross-flow wind arrangement. The Hilpert correlation is presented in equation 
(2.23) (Çengel, 2006; Incropera et al., 2006; Moran et al., 2003). The constants which were originally 
proposed by Hilpert are presented in Table 2-1. But, they have been revised based on new and more 
accurate thermodynamic values which has emerged from research work over time. The constants shown 
in Table 2-2 are proposed for use by (Çengel, 2006; Incropera et al., 2006; Moran et al., 2003). 

𝑁𝑁𝑁𝑁𝐷𝐷������ = 𝐶𝐶𝑅𝑅𝑅𝑅𝐷𝐷
𝑚𝑚𝑃𝑃𝑃𝑃1

3�    (2.23) 
 

[𝑃𝑃𝑃𝑃 ≥ 0.7]    
 

 

All properties in Hilpert correlation are evaluated at film temperature. 

(Fand and Keswani, 1973) proposed different values for the constants used in Hilpert’s correlation when 
more accurate values for thermodynamic properties of air became available over time with further 
research in heat transfer. All properties for the Hilpert’s correlation are evaluated at film temperature. 
The constants proposed by (Fand and Keswani, 1973)  are shown in Table 2-3.  
  
(Morgan, 1975) recommended different values for the constants used in the Hilpert correlation based on 
a detailed review and analysis of available literature on convective heat transfer. The revised values 
proposed by Morgan are found in Table 2-4. 
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Table 2-1 Originally proposed constants by (Hilpert, 1933)  

ReD 
1 - 4 

C 
0.891 

m 
0.330 

4 - 40 0.821 0.385 
40 - 4 000 0.615 0.466 

4 000 - 40 000 0.174 0.618 
40 000 - 400 000 0.0239 0.805 

 
 

Table 2-2 Revised constants for Hilpert correlation (Çengel, 2006; Incropera, DeWitt, Bergman, & 
Lavine, 2006; Moran, Shapiro, Munson, & DeWitt, 2003). 

ReD 
0.4 - 4 

C 
0.989 

m 
0.330 

4 - 40 0.911 0.385 
40 - 4 000 0.683 0.466 

4 000 - 40 000 0.193 0.618 
40 000 - 400 000 0.027 0.805 

 

Table 2-3 Proposed values of C and m by (Fand & Keswani, 1973) 

ReD 
1 - 4 

C 
0.875 

m 
0.313 

4 - 40 0.785 0.388 
40 - 4 000 0.590 0.467 

4 000 - 40 000 0.154 0.627 
40 000 - 400 000 0.024 0.898 

 
 
 
 

Table 2-4 Proposed values of C and m, by (Morgan, 1975). 

ReD 

0.0001 - 0.004 
C 

0.437 
m 

0.0895 
0.004 - 0.09 0.565 0.136 

0.09 - 1 0.800 0.280 
1 - 35 0.795 0.384 

35 - 5 000 0.583 0.471 
5 000 - 50 000 0.148 0.633 

50 000 - 200 000 0.0208 0.814 
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2.2.1.2 Žukauskas correlation 
 

(Žukauskas, 1972) proposed the correlation shown in equation (2.24). All the properties in this 
correlation are found at the ambient temperature, except for Prandtl number Prs, which is obtained at the 
surface temperature. 

 

𝑁𝑁𝑁𝑁𝐷𝐷������ =  𝐶𝐶𝑅𝑅𝑅𝑅𝐷𝐷
𝑚𝑚𝑃𝑃𝑟𝑟 𝑛𝑛 �

𝑃𝑃𝑃𝑃
𝑃𝑃𝑃𝑃𝑠𝑠

�  1 4�    (2.24) 

 

�1 ≤  𝑅𝑅𝑅𝑅𝐷𝐷  ≤  1 ×  106

0.7 ≤ 𝑃𝑃𝑃𝑃 ≤ 500
�  

 

The constants used in the above correlation are presented in Table 2-5 & Table 2-6 

 

Table 2-5 Values of n for different Prandtl numbers by (Žukauskas, 1972) 

Pr n 

< 10 0.37 

≥ 10 0.36 

Table 2-6 Proposed values of C and m by (Žukauskas, 1972) 

 

ReD C m 
1 - 40 0.75 0.4 

40 - 1 000 0.51 0.5 
1 000 - 200 000 0.26 0.6 

200 000 - 1 000 000 0.076 0.7 
  
 
2.2.1.3 Whitaker correlation 

 
(Whitaker, 1972) presented the correlation shown in equation (2.25). 

𝑁𝑁𝑁𝑁𝐷𝐷������ =  �0.5𝑅𝑅𝑅𝑅𝐷𝐷
1

2�  + 0.06𝑅𝑅𝑅𝑅𝐷𝐷
2

3�  � 𝑃𝑃𝑃𝑃 0.4 𝜇𝜇𝑏𝑏

𝜇𝜇𝑠𝑠
  1 4�    (2.25) 

 

�1.00 ≤  𝑅𝑅𝑅𝑅 ≤  1 ×  105

0.67 ≤ 𝑃𝑃𝑃𝑃 ≤ 300
�  
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Where, µb is the fluid viscosity at ambient temperature and µs is the fluid viscosity at surface temperature. 
(Whitaker, 1972) observed that usually this correlation is within ±25% of other correlations, except at 
lower value of Reynolds numbers, where the Hilpert correlation gives significantly higher values. 

2.2.1.4 Churchill-Bernstein correlation 
 

(Churchill and Bernstein, 1977) proposed the correlation shown in equation (2.26) and this provided a 
single, comprehensive equation for the calculation of heat transfer coefficient of a pipe subjected to 
cross-flow wind. This is applicable for almost all ranges of Reynolds numbers, and a broad range of 
Prandtl numbers. There are no look up tables for constants unlike other correlations. All fluid properties 
in this correlation are evaluated at film temperature.  
 

𝑁𝑁𝑁𝑁𝐷𝐷������ = 0.3 + 
0.62𝑅𝑅𝑅𝑅1

2� 𝑃𝑃𝑃𝑃1
3�

(1 + (0.4 𝑃𝑃𝑃𝑃⁄ )2 3⁄ )1
4�

 ×  �1 + (𝑅𝑅𝑅𝑅 282000⁄ )5
8� �

4
5�

    (2.26) 

 

[𝑅𝑅𝑅𝑅𝐷𝐷𝑃𝑃𝑃𝑃 ≥ 0.2]     
  

 

2.2.1.5 Discussion 
 

(Incropera et al., 2006) recommends use of the Žukauskas and the Churchill-Bernstein correlations as 
they are have wider applicability and  were developed in recent times compared to other correlations. 
The Churchill-Bernstein correlation is recommended by (Moran et al., 2003)  unless the simplicity of 
the Hilpert equation is advantageous. (Çengel, 2006) also recommends the use of the  Churchill-
Bernstein correlation, while (Theodore, 2011) recommends the use of Hilpert correlation, 
However, it has to be noted that all the correlations have their applicability under some range of Reynolds 
number and Prandtl number and it is difficult to predict which correlation is more accurate than others. 
Also, the wind speed experienced in practical cases is much lower than 20 m/s and considering a 
maximum diameter of 1.0 m for the pipe, it is observed that the Reynolds number will not increase 
beyond 400,000, which is the maximum applicability limit of the Hilpert’s correlation. This means that 
Morgan’s constants cannot be used in the Hilpert correlation as it is applicable only up to Reynolds 
number of 200,000 besides the Whitaker correlation which has applicability only up to Reynolds number 
100,000.  

None of the correlations are difficult to implement for practical purposes with the availability of 
programming code and Microsoft Excel. Some correlations like the Hilpert’s and Žukauskas’s 
correlations employ look up tables for the constants which are not required in the case of the Whitaker 
and the Churchill-Bernstein correlations. So, the choice of correlation depends on specific conditions 
and the accuracy of the results obtained by using them.                                                                                                                    
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2.2.2 Forced flow over a flat plate 
 

For heat transfer in a flat plate which is subjected to forced flow, it is crucial to understand the 
development of wind over the surface. Figure 2-4, shows different stages of flow over the surface. 
Laminar flow is seen during the first stage which will change to a transitional flow prior to becoming b 
turbulent. The Nusselt number calculation varies for laminar and turbulent flow and the equation is 
shown below. For laminar flow, equation (2.27) is used and equation (2.28)  is used for transitional and 
turbulent flows (Incropera et al., 2006).  

𝑁𝑁𝑁𝑁𝐷𝐷������ =
ℎ𝐷𝐷����𝐷𝐷

𝑘𝑘
 = 0.664𝑅𝑅𝑅𝑅𝐷𝐷

1
2� 𝑃𝑃𝑃𝑃1

3�    (2.27) 

 

[𝑃𝑃𝑃𝑃 ≥ 0.6]    

 

�𝑅𝑅𝑅𝑅𝑥𝑥,𝑐𝑐  ≤  𝑅𝑅𝑅𝑅𝐷𝐷  ≤  1 ×  108

0.6 ≤ 𝑃𝑃𝑃𝑃 ≤ 60
�    

 

Where, the value of the constant A is determined by the critical Reynolds number Rex,c. The formulae 
for finding A is shown in equation (2.29). Generally, a value of 5 × 105 is used for  Rex,c and the value 
of  A  is found to be  867 

A =�0.037𝑅𝑅𝑅𝑅𝑥𝑥,𝑐𝑐
4

5� − 0.664𝑅𝑅𝑅𝑅𝑥𝑥,𝑐𝑐
1

2� � (2.29) 
  

 

Figure 2-4 Velocity boundary layer development over a flat plate (Incropera et al., 2006) 

𝑁𝑁𝑁𝑁𝐷𝐷������ = (0.037𝑅𝑅𝑅𝑅𝐷𝐷
4

5� − 𝐴𝐴)𝑃𝑃𝑃𝑃1
3�       (2.28) 
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2.3  Time to freeze 
The method used for generating time to freeze tables was taken from chapter (19-20) provided in  
(ASHRAE, 2010) refrigeration  handbook. In general, the method described in the book was for freezing 
of foods and beverages. But, it was implemented for time to freeze for pipes in the programming code 
with minor changes. The values obtained showed good agreement to the actual cases as understood from 
other literatures.  
 

The following process is suggested by (ASHRAE, 2010): 

1. Obtain the relevant thermal properties from the tables. 
2. Calculate the surface heat transfer coefficient. 
3. Calculate characteristic dimensions and ratios along with the Biot, Plank and Stefan numbers 

from relevant formulas. 
4. Compute the freezing time for an infinite slab and equivalent heat transfer. 
5. Compute the freezing time 

 

Since, the method is cumbersome, it is directly implemented in code to generate the time to freeze tables 
for different diameter pipes and varying insulation thickness and manual calculations were not 
performed. The (ASHRAE, 2010) Refrigeration handbook suggests various methods and correction 
factors for individual cases. So, it is recommended to confer with the handbook for specific cases. 
 

2.3.1 Biot number 

The Biot number is defined as the ratio of the external heat transfer resistance to the internal heat transfer 
resistance. The formula is shown in equation (2.30)  
 

𝐵𝐵𝑖𝑖 =  
ℎ𝐿𝐿
𝑘𝑘

     (2.30) 

 

2.3.2 Plank number 
 
The Plank number is defined as the ratio between the volumetric specific heat of the unfrozen phase and 
the volumetric enthalpy change. The formula is shown in equation (2.31)  
 

𝑃𝑃𝑃𝑃 =  
𝐶𝐶𝑙𝑙(𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑓𝑓)

∆𝐻𝐻
     (2.31) 

 

Master Thesis                                                                                                                              Page | 19  

 

 



Validation of heat transfer coefficients in pipes and deck element                                   Jino Peechanatt 

 

2.3.3 Stefan number 
 
The Stefan number is defined as the ratio between the volumetric specific heat of the frozen phase and 
the volumetric enthalpy change. It is similar to the Plank number. The formula is shown in the below 
equation (2.32) 

𝑆𝑆𝑆𝑆𝑒𝑒 =  
𝐶𝐶𝑠𝑠(𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑓𝑓)

∆𝐻𝐻
   (2.32) 
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3 Experiments 

3.1 Test Apparatus 
A rectangular testing jig was designed and built to experimentally determine the average heat transfer 
coefficient h for circular pipes in cross flow wind arrangement. The apparatus was designed to 
accommodate multiple circular pipes of varying diameters (50 mm and 25 mm) one behind another as 
shown in Figure 3-1(a) as one of the main aim of the testing was to find the effect of cross flow wind on 
the adjacent pipes. The dimension of the jig was 110 cm (L) x 66 cm (W) x 100 cm (H) and the height 
of the horizontal section, for the placement of the pipes, can be adjusted to allow for the direct impact of 
the cross flow wind from the tunnel. The wind tunnel for simulating cross flow wind was 110 cm wide 
and 160 cm long as seen in Figure 3-1 (b) except for the tapered section which was to be connected to 
the wind turbine via 0.5 m hose to complete the test assembly. The wind tunnel supplied by GMC was 
assembled in the cooling laboratory as per the height of the testing jig. In this arrangement, as shown in 
Figure 3-2 the wind flowed transversely across the test specimen. One of the main governing factor 
behind the design was the portability factor as the jig had to be moved to offshore for testing. So, angle 
section with predefined holes for nuts and bolts were used for the ease of assembly and it was fixed on 
to a pallet for the ease of shifting. The climate laboratory at GMC’s yard is 3.6 m wide and 11 m long 
and easily accommodated the testing jig. (Manohar and Ramroop, 2010)  
 

 
Figure 3-1 a) Test rig mounted on a pallet and b) Wind tunnel 

 

The pipes were held in place using clamps having rubber lining. These clamps were adjustable for fine 
alteration of height and can be used for a small range of pipe diameters. The steel pipes with diameter 
50 mm and 25 mm having wall thickness of 2 mm were procured in 6m length and cut to a length of  
120 cm using mechanical saw. See Appendix C showing the purchase order for the steel grade and 
dimension. The steel grade used was DIN 2394. The 3D printing laboratory in the University of 
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Stavanger was used to make end caps for the pipes which were designed in OpenSCAD software. 
Heating elements procured from (RS Components AS, 2016) was 143 cm long and  was made with 
Incoloy (Nickel Iron Chromium Alloy) having power rating of 1000W at 240V. It was used to create a 
uniform heat flux inside the pipes. See Appendix E for further details of heating element.  

 

 
Figure 3-2  Testing Arrangement for Pipes and Deck Element 

The straight heating elements were permanently installed inside the pipe through the end cap using 
silicon sealant. The output of the heating element was controlled using a variac as the rated power was 
much higher than our requirement. A variac is basically a variable transformer which regulates the 
voltage input and thus, the power output which is proportional to the voltage as the resistance of each 
heating element is constant. The resistances for each element was measured, and are presented in        
Table 3-1 below. 

Table 3-1 Resistances of heating elements. 

Pipe No: Resistance (Ω) 

25mm #1 57.1 

25mm #2 58.9 

25mm #3 57.6 

50mm #1 58.2 

50mm #2 57.6 

50mm #3 58.6 
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The measured resistance of each element is used to find out the total resistance of the system based on 
the pipe combination and Ohms law of resistance applicable for parallel loads as explained in equation 
(2.12). The actual current and voltage across the heating elements were checked using hand held 
multimeters and the total heat output wascalculated using the equation. 

3.2 Test Specimen 
The steel pipes of diameter 50 mm and 25 mm having wall thickness of 2 mm with electric heating 
element were used for the testing as shown in Figure 3-3 (a). Pipes had insulation with thermal 
conductivity of 0.033 W/m. K as can be seen in the data sheet for insulation, see Appendix D. The Deck 
element shown in Figure 3-3 (b) below was company issued and had thermocouples for the temperature 
readings. But, the infrared camera was available to measure the surface temperatures. The elements were 
placed in such a way as to have a cross flow impact of wind from the tunnel.  

 

 
Figure 3-3 Test Specimen a) Steel Pipes with Insulation b) Deck Element 

 

3.3 Temperature Measurement 
The pipe surface temperature in the experiment was monitored with the Arduino Uno R3 data logger via 
maxim integrated DS18B20 sensors (Maxim Integrated, 2015). The code used for temperature logging 
is presented in Appendix B for reference. The DS18B20 sensors have an accuracy of ±0.5◦C over the 
temperature range –55 o C to +85 o C. The six temperature sensors were strategically attached on the 
surface of each pipe as show in Figure 3-4. The temperature sensors have an extended range from          
−55 ◦C and +125 ◦C with much lower accuracy. The resolution is set at 0.0625◦C. Details of Sensor 
DS18B20 is shown in Appendix F.  Ambient temperature and humidity was measured using AM2303 
sensor (Aosong (Guangzhou) Electronics Co. Ltd., 2009). In order to check for uniform surface 
temperature on the pipe and surface temperature stability, preliminary heating tests were carried out to 
verify the overall test arrangement. Equilibrium conditions were reached within 150 minutes of heating 
and were verified by monitoring the six thermocouples at 30 seconds time interval for 24 hours. 
Equilibrium conditions were taken as being established when the variation in temperature readings from 
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the six thermocouples over a 2 ½ hour period were within 0.50◦C. In the experiment, thermocouples or 
thermistors which are more reliable and stable could have been used. But, there was no microcontroller 
which could accommodate 18 sensors from three pipes. The problem could have been resolved by using 
multiple microcontrollers which could have led to significant cost escalation beyond the approved budget 
for the thesis. A plot of one set of temperature readings for 2 x 50 mm diameter pipes with heating 
element switched on and cross flow wind value of 0 m/s, 5 m/s, 10 m/s and 15 m/s is shown in Figure 
3-5. 

 
Figure 3-4 Pipe with temperature sensors 

 
Figure 3-5 Temperature plot for 2 X 50 mm pipe configuration 

Temperature Sensors 
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3.4 Wind Measurement 
The wind velocity measurement was done using a hand held anemometer LCA600 which was calibrated. 
It was necessitated by the fact that the wind sensor was not giving accurate readings as per the set wind 
speed in the control panel. The hand held anemometer was used to find velocity at right, middle and left 
section of the wind tunnel to arrive at the actual wind speed as shown in Table 3-2 and it was observed 
that the values are considerably different from the wind sensor measured velocity displayed on the 
control panel. A graph was plotted to find the relation between the set wind velocity and the actual value 
as shown in Figure 3-6  

Table 3-2 Wind Velocity readings from Anemometer (LCA6000) 

 

 
Figure 3-6  Graph showing relation between Set value and Actual value (wind velocity)  
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Set Wind 
Velocity 

(m/s) 

 Wind Sensor 
Readings 

(m/s) 

Anemometer  Readings 
(m/s) Mean Value 

(m/s) Section 1 Section 2 Section 3 
2.5 3.5 4.56 5.3 4.86 4.91 

5 5 6.1 7.1 6.7 6.63 

7.5 7.5 9 10.3 9.6 9.63 

10 10.1 11.4 13.6 13 12.67 
12.5 12.5 13.6 16 14.5 14.70 

15 15 17.9 18.6 16.4 17.63 
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3.5 Test Procedure 
3.5.1 Test Procedure for Pipes 

 
1. The testing rig was positioned in the climate laboratory, directly in front of the wind tunnel. The 

height of the jig was adjusted so that the pipes are in the middle of the air flow.  
2. The wind speed sensor was connected the junction box.  
3. The ambient temperature sensor was positioned and connected to the junction box. 
4. Pipe configuration was chosen as per the test schedule and setup was done.  
5. The temperature sensors were attached on the pipe at the top and bottom at three different location 

and they were connected to the junction box.  
6. The heating elements were connected with the power source and multimeter was used to measure 

the voltage 
7. The junction box was connected to the Arduino using the data cable and power cable was plugged 

to the Arduino. The Logging was started and it was confirmed by looking at the flashing LED 
sensors. The Arduino had memory card for storing the data and it was also connected to the 
computer for real time monitoring. 

8. The doors of the climate laboratory was closed and the temperature was allowed to settle down 
to the test temperature of -20 o C. The output voltage of the variac was adjusted to 57.5V on the 
control panel. This equals 50W with a resistance of 58.5 ohm from the heating element.  

The temperature in the climate laboratory and speed of the wind flow from the tunnel was adjusted and 
monitored using the interface program on the control panel. The power source was also controlled from 
the same interface as shown in Figure 3-7. 

 

Figure 3-7 Interface Program on the Control Panel 
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The apparatus was continuously monitored and the programme was configured to record temperature 
readings in an interval of every 30 seconds. The plots were continuously monitored to determine 
uniformly heated pipe surface and attainment of equilibrium conditions. After equilibrium, wind speed 
was increased and the same procedure was repeated. This procedure was repeated three times with same 
pipe configuration and prior to each run, the heating elements were switched off and the test pipes were 
allowed to cool to the set temperature. See the Table 3-3 for sample recording sheet  

Table 3-3 Sample Recording sheet for Pipe Experiment 

 Temp
. (°C) 

Wind 
(m/s) 

Date / Time 
Start 

Date / Time 
Stop 

Pipe 
# Sensors Current 

(A) 
Voltage 

(V) 

R
un

 #
1 

-20 0 06-04-16 17:45 06-04-16 20:20 1 S1-6 1 56.2 
-20 5 06-04-16 20:22 06-04-16 23:06 1 S1-6 1 56.2 
-20 10 06-04-16 23:12 07-04-16 01:35 1 S1-6 1 56.2 
-20 15 07-04-16 01:40 07-04-16 04:51 1 S1-6 1 56.2 

R
un

 #
2 

-20 0 07-04-16 07:20 07-04-16 10:00 1 S1-6 1 56.2 
-20 5 07-04-16 10:02 07-04-16 12:30 1 S1-6 1 56.2 
-20 10 07-04-16 12:32 07-04-16 14:39 1 S1-6 1 56.2 
-20 15 07-04-16 14:42 07-04-16 16:58 1 S1-6 1 56.2 

 -20 0 07-04-16 20:45 07-04-16 23:55 1 S1-6 1 56.2 

R
un

 #
3 -20 5 07-04-16 23:58 08-04-16 01:45 1 S1-6 1 56.2 

-20 10 08-04-16 01:48 08-04-16 04:04 1 S1-6 1 56.2 
-20 15 08-04-16 04:06 08-04-16 08:37 1 S1-6 1 56.2 

 

3.5.2 Test Procedure for Deck Elements 
 

1. The deck elements were cooled down to the measured air temperature which is monitored from 
the data logger and the heating elements were started. The interface used is the same as for pipes 
and shown earlier in Figure 3-7 

2. The heating elements were allowed to stabilize prior to taking readings. 
3. Temperatures from data logger and from the thermal imaging camera (See Figure 3-8) were 

recorded. 
4. Voltage, current and power were entered from the data logger. 
5. Wind speeds were subsequently increased to 5m/s, 10 m/s and 15 m/s 
6. The heating element was stopped and the deck element was allowed to cool down to the test 

temperature prior to the next run. 
7. The test was repeated for -15, -30 and -35 degrees C. 

See the Table 3-4 below for sample recording sheet. 
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Table 3-4 Sample Recording sheet for Deck Element 

 

 
Figure 3-8 Thermal Imaging Camera 

 

3.6 Test Readings/Schedule 
The tests conducted in the climate laboratory of GMC with different experimental set up for the pipes 
and deck element subjected to cross flow wind are presented in the Table 3-5 below, there were total 12 
experiments performed which included eleven experiments on different pipe configuration and one 
experiment on the deck element. Each experiment had different wind speeds and multiple runs were 
conducted to see the trend. Since, the experiments were jointly conducted with (Kvamme, 2016),  the 
analysis scope was split up with (Kvamme, 2016) concentrating on 6 single pipe configuration and this 
thesis analyzed the piping arrangement involving multiple pipes (highlighted in Table 3-5) of similar 
and varying sizes besides the deck element which was analyzed separately. Testing done on single 
uninsulated pipe of 50 mm diameter (Experiment 11) part of (Kvamme, 2016) was the reference point 
for comparison of results with other piping configuration.  

Temp. 
(°C) 

Wind 
(m/s) 

Date / 
Time 
Start 

Date / 
Time Stop 

Ambient 
Temp 
(oC) 

Surface 
Min 
(oC) 

Surface 
Max 
(oC) 

Surface 
Average 

(oC) 

Current 
(A) 

Voltage 
(V) 

Power 
(W) 

-15 0 14.05.2016 
10:15 

14.05.2016 
11:22 -13,95 11,5 17,2 15,1 4,5 221,2 997 

-15 5 14.05.2016 
11:23 

14.05.2016 
12:38 -13,57 -0,8 7,3 3,7 4,8 222.3 1077 

-15 10 14.05.2016 
12:39 

14.05.2016 
13:09 -13,06 -4,4 3 -0,6 5 221,7 1104 

-15 15 14.05.2016 
13:10 

14.05.2016 
13:40 -12,52 -6,1 0,7 -2,6 5,1 222,1 1135 
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Table 3-5   Different Experimental Configuration 

Experiment 
No: 

Pipe / Deck 
Element 

Configuration 
Details 

1 O  X  X 50mm pipe/ Free Slot / Free Slot 
2 O  X  O 50mm pipe/ Free Slot / 50mm pipe 
3 O  O  O 50mm pipe/ 50mm pipe / 50mm pipe 
4 O  X  X 50mm pipe (ice glazing)/ Free Slot / Free Slot 
5 O  X  X 50mm pipe (ice coating)/ Free Slot / Free Slot 
6 O  X  X 50mm pipe (roughened surface)/ Free Slot / Free Slot 
7 o  X  O 25mm pipe/ Free Slot / 50mm pipe 
8 o X  X 25mm pipe/ Free Slot / Free Slot 
9 o  X  o 25mm pipe/ Free Slot / 25mm pipe 
10 O  X  o 50mm pipe / Free Slot / 25mm pipe 
11 O  X  X 50mm pipe (No insulation)/ Free Slot / Free Slot 
12 - Deck plating with antiskid coating/roughened surface 

 

 

 

3.6.1 Test Readings from Experiment 2  

 

Table 3-6 Readings from Experiment 2 (2 x 50mm) 

 Experiment 2 2x 50mm pipe (O, X, O) 

 
Temp. 
(°C) 

Wind 
(m/s) Date / Time Start Date / Time Stop Pipe # Sensors Current Voltage 

R
un

 #
1 

-20 0 08.04.2016 14:44 08.04.2016 18:09 1 & 3 S1-6, S13-18 1,9 55,8 
-20 5 08.04.2016 18:10 08.04.2016 20:19 1 & 3 S1-6, S13-18 1,9 55,8 
-20 10 08.04.2016 20:20 08.04.2016 22:30 1 & 3 S1-6, S13-18 1,9 55,8 
-20 15 08.04.2016 22:32 09.04.2016 00:58 1 & 3 S1-6, S13-18 1,9 55,8 

R
un

 #
2 

-20 0 09.04.2016 03:52 09.04.2016 09:50 1 & 3 S1-6, S13-18 1,9 55,8 
-20 5 09.04.2016 09:51 09.04.2016 13:13 1 & 3 S1-6, S13-18 1,9 55,8 
-20 10 09.04.2016 13:14 09.04.2016 15:25 1 & 3 S1-6, S13-18 1,9 55,8 
-20 15 09.04.2016 15:28 09.04.2016 17:59 1 & 3 S1-6, S13-18 1,9 55,8 

R
un

 #
3 

-20 0 09.04.2016 21:20 10.04.2016 00:26 1 & 3 S1-6, S13-18 1,9 55,8 
-20 5 10.04.2016 00:27 10.04.2016 05:57 1 & 3 S1-6, S13-18 1,9 55,8 
-20 10 10.04.2016 05:58 10.04.2016 07:36 1 & 3 S1-6, S13-18 1,9 55,8 
-20 15 10.04.2016 07:37 10.04.2016 09:44 1 & 3 S1-6, S13-18 1,9 55,8 
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3.6.2 Test Readings from Experiment 3  

 

Table 3-7 Readings from Experiment 3 (3 x 50mm) 

 Experiment 3 3x 50mm pipe (O, O, O) 

 
Temp. 
(°C) 

Wind 
(m/s) Date / Time Start Date / Time Stop Pipe # Sensors Current Voltage 

R
un

 #
1 

-20 0 04.04.2016 19:57 04.04.2016 23:00 1,2,3 S1-18 2,90 54,6 

-20 5 04.04.2016 23:00 05.04.2016 03:00 1,2,3 S1-18 2,90 54,6 

-20 10 05.04.2016 03:00 06.04.2016 06:45 1,2,3 S1-18 2,90 54,6 

-20 15 05.04.2016 06:45 06.04.2016 09:00 1,2,3 S1-18 2,90 54,6 

R
un

 #
2 

-20 0 10.04.2016 19:16 10.04.2016 22:00 1,2,3 S1-18 2,9 54,6 

-20 5 10.04.2016 22:03 11.04.2016 00:19 1,2,3 S1-18 2,9 54,6 

-20 10 11.04.2016 00:20 11.04.2016 06:23 1,2,3 S1-18 2,9 54,6 

-20 15 11.04.2016 06:24 11.04.2016 09:23 1,2,3 S1-18 2,9 54,6 

 

 

 

3.6.3 Test Readings from Experiment 7  

 

Table 3-8 Readings from Experiment 7 (1 x 25mm and 1 x 50mm) 

 Experiment 7 1x 25mm + 1x 50mm pipes (o, x, O) 

 
Temp. 
(°C) 

Wind 
(m/s) Date / Time Start Date / Time Stop Pipe # Sensors Current Voltage 

R
un

 #
1 

-20 0 04.05.2016 11:57 04.05.2016 14:40 1,3 1 (S7-12), 3  (S13-18) 2 56,3 
-20 5 04.05.2016 14:43 04.05.2016 16:44 1,3 1 (S7-12), 3  (S13-18) 2 56,3 
-20 10 04.05.2016 16:46 04.05.2016 19:20 1,3 1 (S7-12), 3  (S13-18) 2 56,3 
-20 15 04.05.2016 19:22 04.05.2016 20:12 1,3 1 (S7-12), 3  (S13-18) 2 56,3 

R
un

 #
2 

-20 0 05.05.2016 10:47 05.05.2016 13:35 1,3 1 (S7-12), 3  (S13-18) 2 56,3 
-20 5 05.05.2016 13:38 05.05.2016 16:07 1,3 1 (S7-12), 3  (S13-18) 2 56,3 
-20 10 05.05.2016 16:11 05.05.2016 18:15 1,3 1 (S7-12), 3  (S13-18) 2 56,3 
-20 15 05.05.2016 18:18 05.05.2016 19:34 1,3 1 (S7-12), 3  (S13-18) 2 56,3 

R
un

 #
3 

-20 0 05.05.2016 21:48 06.05.2016 00:27 1,3 1 (S7-12), 3  (S13-18) 2 56,3 
-20 5 06.05.2016 00:29 06.05.2016 02:10 1,3 1 (S7-12), 3  (S13-18) 2 56,3 
-20 10 06.05.2016 02:12 06.05.2016 06:20 1,3 1 (S7-12), 3  (S13-18) 2 56,3 
-20 15 06.05.2016 06:22 06.05.2016 07:51 1,3 1 (S7-12), 3  (S13-18) 2 56,3 
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3.6.4 Test Readings from Experiment 9 

 

Table 3-9 Readings from Experiment 9 (2 x 25mm) 

 Experiment 9 2x 25mm pipe (o, x, o) 

 
Temp. 
(°C) 

Wind 
(m/s) Date / Time Start Date / Time Stop Pipe # Sensors Current Voltage 

R
un

 #
1 

-20 0 11.05.2016 20:46 12.05.2016 00:16 1,3 1 (S7-12), 3  (S13-18) 2 56,30 
-20 5 12.05.2016 00:19 12.05.2016 02:39 1,3 1 (S7-12), 3  (S13-18) 2 56,30 
-20 10 12.05.2016 02:41 12.05.2016 04:19 1,3 1 (S7-12), 3  (S13-18) 2 56,30 
-20 15 12.05.2016 04:21 12.05.2016 06:07 1,3 1 (S7-12), 3  (S13-18) 2 56,30 

R
un

 #
2 

-20 0 12.05.2016 11:13 12.05.2016 13:53 1,3 1 (S7-12), 3  (S13-18) 2 56,30 
-20 5 12.05.2016 13:55 12.05.2016 16:11 1,3 1 (S7-12), 3  (S13-18) 2 56,30 
-20 10 12.05.2016 16:13 12.05.2016 18:17 1,3 1 (S7-12), 3  (S13-18) 2 56,30 
-20 15 12.05.2016 18:19 12.05.2016 20:16 1,3 1 (S7-12), 3  (S13-18) 2 56,30 

R
un

 #
3 

-20 0 12.05.2016 22:24 13.05.2016 01:26 1,3 1 (S7-12), 3  (S13-18) 2 56,30 
-20 5 13.05.2016 01:28 13.05.2016 03:37 1,3 1 (S7-12), 3  (S13-18) 2 56,30 
-20 10 13.05.2016 03:40 13.05.2016 06:27 1,3 1 (S7-12), 3  (S13-18) 2 56,30 
-20 15 13.05.2016 06:28 13.05.2016 08:32 1,3 1 (S7-12), 3  (S13-18) 2 56,30 

 

 

 

3.6.5 Test Readings from Experiment 10 

 

Table 3-10 Readings from Experiment 10 (1x 50mmand 1x 25 mm) 

 Experiment 10 1x 50mm + 1x 25mm (O, x, o) 

 
Temp. 
(°C) 

Wind 
(m/s) Date / Time Start Date / Time Stop Pipe # Sensors Current Voltage 

R
un

 #
1 

-20 0 08.05.2016 09:52 08.05.2016 12:12 3,1 1 (S7-12), 3  (S13-18) 2 56,9 
-20 5 08.05.2016 12:13 08.05.2016 15:53 3,1 1 (S7-12), 3  (S13-18) 2 56,9 
-20 10 08.05.2016 15:54 08.05.2016 19:01 3,1 1 (S7-12), 3  (S13-18) 2 56,9 
-20 15 08.05.2016 19:02 08.05.2016 21:20 3,1 1 (S7-12), 3  (S13-18) 2 56,9 

R
un

 #
2 

-20 0 08.05.2016 23:53 09.05.2016 02:26 3,1 1 (S7-12), 3  (S13-18) 2 56,9 
-20 5 09.05.2016 02:28 09.05.2016 04:30 3,1 1 (S7-12), 3  (S13-18) 2 56,9 
-20 10 09.05.2016 04:32 09.05.2016 06:59 3,1 1 (S7-12), 3  (S13-18) 2 56,9 
-20 15 09.05.2016 07:00 09.05.2016 10:31 3,1 1 (S7-12), 3  (S13-18) 2 56,9 

R
un

 #
3 

-20 0 09.05.2016 13:00 09.05.2016 16:16 3,1 1 (S7-12), 3  (S13-18) 2 56,9 
-20 5 09.05.2016 16:17 09.05.2016 17:34 3,1 1 (S7-12), 3  (S13-18) 2 56,9 
-20 10 09.05.2016 17:35 09.05.2016 19:32 3,1 1 (S7-12), 3  (S13-18) 2 56,9 
-20 15 09.05.2016 19:33 10.05.2016 00:23 3,1 1 (S7-12), 3  (S13-18) 2 56,9 
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3.6.6 Test Readings from Experiment 12  

 
Table 3-11 Readings from Experiment on Deck element 

 
  

Temp. 
(°C)

Wind 
(m/s)

Date / Time 
Start

Date / Time 
Stop

Ambient 
Temp

Air 
Temp

Surface 
Min

Surface 
Max

Surface 
Average

Current Voltage Power

-15 0 14-05-16 10:15 14-05-16 11:22 -13.95 -11.2 11.5 17.2 15.1 4.5 221.2 997
-15 5 14-05-16 11:23 14-05-16 12:38 -13.57 -12.6 -0.8 7.3 3.7 4.8 222.3 1077
-15 10 14-05-16 12:39 14-05-16 13:09 -13.06 -11.9 -4.4 3 -0.6 5 221.7 1104
-15 15 14-05-16 13:10 14-05-16 13:40 -12.52 -11.5 -6.1 0.7 -2.6 5.1 222.1 1135
-15 0 14-05-16 14:55 14-05-16 17:40 -13.82 -11.2 18 26.4 23.9 3.8 225.7 876
-15 5 14-05-16 17:42 14-05-16 19:03 -14.04 -12.7 -9.5 7.6 3.5 4.7 224.8 1073
-15 10 14-05-16 19:05 14-05-16 20:10 -13.74 -12.7 -11.7 1.8 -1.6 5 223.9 1131
-15 15 14-05-16 20:12 14-05-16 21:26 -13.67 -12.3 -7.7 -0.9 -4.1 5.1 224.5 1165
-15 0 14-05-16 23:16 15-05-16 1:02 -13.67 -11.5 16.5 23 20.9 4.1 225.7 935
-15 5 15-05-16 1:04 15-05-16 2:15 -13.97 -13.1 -0.5 8 3.9 4.8 224.7 1078
-15 10 15-05-16 2:17 15-05-16 3:19 -13.64 -12.3 -5.7 1.9 -1.5 5 224.3 1135
-15 15 15-05-16 3:21 15-05-16 4:21 -12.84 -11.5 -7.2 0.3 -2.8 5.1 224.9 1155
-20 0 18-05-16 15:07 18-05-16 17:59 -18.72 -16.8 16.5 24.3 21.9 4.1 224.9 937
-20 5 18-05-16 18:00 18-05-16 22:19 -19.16 -17.7 -6.8 1.7 -2.1 5.2 222.5 1174
-20 10 19-05-16 18:51 19-05-16 21:19 -19.26 -17.6 -11.7 -4.2 -7.8 5.5 224.2 1231
-20 15 19-05-16 21:21 19-05-16 23:45 -18.75 -17.5 -12.9 -6.3 -9.5 5.6 225.6 1264
-20 0 20-05-16 1:15 20-05-16 3:16 -18.88 -17.6 14.8 21.8 19.5 4.3 226.2 972
-20 5 20-05-16 3:18 20-05-16 6:40 -19.02 -17.8 -7 1.8 -2 5.2 223.1 1180
-20 10 20-05-16 6:42 20-05-16 12:45 -18.91 -18.2 -11.1 -3.7 -7 5.5 223.6 1236
-20 15 20-05-16 12:46 20-05-16 16:02 -19.01 -18.3 -13.3 -6.8 -9.9 5.6 226.3 1272
-20 0 20-05-16 17:11 20-05-16 20:27 -19.11 -17.2 17.2 25 22.4 4.1 225.8 933
-20 5 20-05-16 20:29 20-05-16 22:21 -19.37 -18.6 -7.2 2.1 -2 5.2 224.6 1172
-20 10 20-05-16 22:23 20-05-16 23:29 -18.77 -18.3 -10.7 -3.5 -6.8 5.4 226.9 1230
-20 15 20-05-16 23:31 21-05-16 1:45 -18.81 -17.1 -13 -6.6 -9.6 5.6 223.8 1255
-30 0 15-05-16 8:01 15-05-16 10:03 -30.86 -29.6 4.5 12.9 9.7 4.7 225.1 1075
-30 5 15-05-16 10:04 15-05-16 12:54 -28.75 -27.1 -20.5 -10.3 -14.9 5.7 226.5 1292
-30 10 15-05-16 12:56 15-05-16 13:59 -25.43 -24.1 -22.3 -13.8 -17.7 5.8 226.3 1325
-30 15 15-05-16 14:01 15-05-16 14:01 -31.55 -29.8 -28 -19.7 -23.4 5.9 225.6 1361
-30 0 15-05-16 16:17 15-05-16 18:44 -30.98 -29.5 5.7 13.3 10.1 4.7 228.3 1079
-30 5 15-05-16 18:45 15-05-16 19:48 -27.19 -26.9 -18.5 -7.8 -12.3 5 227.6 1158
-30 10 15-05-16 19:51 15-05-16 20:51 -29.83 -28.4 -24 -15.4 -19.2 5.8 227.2 1320
-30 15 15-05-16 20:52 15-05-16 21:52 -25.96 -23.1 -23.4 -16.4 -19.6 6 227.3 1359
-30 0 16-05-16 0:06 16-05-16 1:07 -25.87 -21.9 1.2 12.5 8.7 4.6 227.6 1060
-30 5 16-05-16 1:09 16-05-16 2:07 -27.52 -25.7 -17.3 -7.4 -11.5 5.5 225.2 1244
-30 10 16-05-16 2:11 16-05-16 3:16 -28.31 -27.4 -23.2 -14.1 -18.3 5.8 224.5 1317
-30 15 16-05-16 3:18 16-05-16 4:18 -31.38 -28.7 -28.2 -20.2 -24.1 6 224.8 1366
-35 0 16-05-16 7:17 16-05-16 12:33 -32.83 -31.1 -4.5 8.2 3.7 4.8 227.3 1111
-35 5 16-05-16 12:35 16-05-16 14:36 -25.17 -22.6 -17.7 -8.1 -12.3 5.7 225.3 1296
-35 10 16-05-16 14:38 16-04-16 16:23 -31.4 -28.9 -29 -20.6 -24.6 6.2 225.7 1398
-35 15 16-05-16 16:24 16-05-16 17:42 -28.19 -25.8 -26.9 -20.2 -23.1 6.2 226 1418
-35 0 17-05-16 14:24 17-05-16 16:41 -27.13 -23.9 -3.1 7.8 3.5 5 226.4 1138
-35 5 17-05-16 16:42 17-05-16 17:57 -29.49 -28.9 -18.6 -8.6 -12.9 5.7 226 1287
-35 10 17-05-16 17:59 17-05-16 19:44 -29.7 -27.8 -26.9 -18.8 -22.5 6.1 226 1400
-35 15 17-05-16 19:45 17-05-16 22:10 -25.6 -22 -25.2 -17.2 -21.6 6.2 225.6 1400

Deck element

R
un

 #
1

R
un

 #
2

R
un

 #
3

R
un

 #
1

R
un

 #
2

R
un

 #
3

R
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4 Calculations 

4.1  Experimental Method. 
4.1.1 Case 1: Heat Transfer co-efficient calculation for uninsulated pipe  

In this case, the convective heat transfer coefficient is calculated for a single pipe which is in direct 
influence of the wind flow. The values used are from the experimental readings done on uninsulated pipe 
which were analyzed by (Kvamme, 2016). This will help in the comparison of the heat transfer 
coefficient with insulated which will be performed later in the section. So, we look into an uninsulated 
pipe with an outer diameter of 50 mm and internal diameter of 46mm. The pipe has a heating element 
which is centrally placed in the pipe. The ambient temperature is −20 ◦C and the pipe is subjected to a 
cross flow wind of 5 m/s. The values used for the calculation will be the actual ambient temperature and 
wind velocity obtained from calibrated sensors and anemometer at the time of experimentation. The 
picture shown in Figure 4-1 depicts the actual setup of the uninsulated pipe with temperature distribution. 

 

 

Figure 4-1  Temperature Distribution for the uninsulated pipe 
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Assumptions: 

1. Overall Steady-state conditions. 
2. Heat transfer in the radial direction is one-dimensional. 
3. Uniform surface temperature for the pipe 
4. 15% of the power is lost through the cumulative effect of surface radiation and conduction 

through the end pieces 

All the constants and the variables which are to be used in the calculation of convective heat transfer 
coefficient for uninsulated pipe are mentioned below 

Length (pipe), Lpipe (m) = 1.2 

Length (heating element), Lelem (m)  = 1.372 

Outer Diameter of uninsulated Pipe, Do (m) = 0.050 

Inner Diameter of uninsulated Pipe, Di (m) = 0.046 

Pipe wall Thickness, tw (m) = 0.002 

Internal pipe radius, r1 (m) = 0.023 

External pipe radius, r2 (m) = 0.025 

Surface area, A (m2) = 0.1884 

Ambient Temperature, T∞  (oC) = -19.41 

Surface Temperature of pipe, Ts (oC) = -16.63 

Voltage, V (V) = 56.2 

Current, I (A) = 1.0 

Power efficiency, η = 0.85 

 

 

Using Equation (2.6) explained earlier, 

𝑞𝑞 = ℎ𝐴𝐴 (𝑇𝑇𝑠𝑠 − 𝑇𝑇∞) =
𝑇𝑇𝑠𝑠−𝑇𝑇∞

(1 ℎ𝐴𝐴⁄ )
             

 

𝑞𝑞 = 𝜂𝜂 ∗ 𝑉𝑉 ∗ 𝐼𝐼 =
𝑇𝑇𝑠𝑠−𝑇𝑇∞

(1 ℎ𝐴𝐴⁄ )
               (4.1) 
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Rearranging (4.1), 

ℎ =
𝜂𝜂 ∗ 𝑉𝑉 ∗ 𝐼𝐼

𝐴𝐴 ∗ (𝑇𝑇𝑠𝑠−𝑇𝑇∞)               (4.2) 

 

𝐴𝐴 = �2𝜋𝜋 ∗ 𝑟𝑟2 ∗ 𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝�          

 

𝐴𝐴 = (2𝜋𝜋 ∗ 0.025 ∗ 1.2) = 0.1884 𝑚𝑚2          

 

ℎ =
[(0.85 ∗ 56.2 ∗ 1.0) 1.372⁄ ] ∗ 1.2

0.1884 ∗  (256.52 − 253.74)              

 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶, ℎ =
41.78

0.1884 ∗  2.78
 =  79.77 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄           (4.3) 

 

4.1.2 Case 2: Heat Transfer co-efficient calculation for insulated pipe  

In this case, we will consider the same the convective heat transfer coefficient is calculated for a single 
insulated pipe which is in direct influence of the wind flow. The values used are from the experimental 
readings done on insulated pipe. Here, we consider an insulated pipe with an outer diameter of 50 mm, 
inner diameter of 46 mm and insulation thickness of 10 mm. The pipe has a heating element which is 
centrally placed in the pipe. The ambient temperature is −20 ◦C and the pipe is subjected to a cross flow 
wind of 5 m/s. The values used for the calculation will be the actual ambient temperature and wind 
velocity obtained from calibrated sensors and anemometer at the time of experimentation. Temperature 
distribution of an insulated pipe is shown in Figure 4-2. 

Assumptions: 

1. Overall Steady-state conditions. 
2. Heat transfer in the radial direction is one-dimensional. 
3. Negligible radiation loss between surroundings and surface. 
4. Negligible heat loss through the end caps of the pipe.  
5. Uniform surface temperature for the pipe. 
6. 15% of the power is lost through the cumulative effect of surface radiation and conduction 

through the end pieces. 
7. Change in thermal conductivity over a small temperature range is considered negligible. 
8. Change in thermal diffusivity over a small temperature range is considered negligible. 
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Figure 4-2 Temperature Distribution for the insulated pipe 

All the constants and the variables which are to be used in the calculation of heat transfer coefficient for 
insulated pipe are mentioned below 

Length (pipe), Lpipe (m) = 1.2 

Length (heating element), Lelem (m)  = 1.372 

Length (with insulation), Lins (m)  = 1.04 

Outer Diameter, Do (m) = 0.070 

Inner Diameter, Di (m) = 0.046 

Pipe Wall Thickness, tw (m) = 0.002 

Insulation Thickness, tins (m) = 0.10 
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Internal pipe radius, r1 (m) = 0.023 

External pipe radius, r2 (m) = 0.025 

External insulation radius, r3 (m) = 0.035 

Ambient Temperature (pipe internal), T∞,1 (oC) = To be calculated 

Ambient Temperature, T∞,3 (oC) = -19.68 

Internal Temperature of pipe, Ts,1 (oC) = To be calculated 

Surface Temperature of pipe, T2 (oC) = 38.74 

Surface Temperature of insulation, Ts,3 (oC) = To be calculated 

Surface area (pipe internal), A1 (m2) = 0.1502 

Convective Heat transfer coefficient, h (W/m2 . K) = To be calculated 

Overall Heat transfer coefficient, U1 (W/m2 . K) = To be calculated 

Thermal conductivity of air , kair (W/m . K) at 256 K  22.3 x 10-3 

Thermal conductivity of pipe, KA (W/m . K) = 60.5 

Thermal conductivity of insulation, KB (W/m . K) = 0.033 

Voltage, V (V) = 55.8 

Current, I (A) = 0.95 

Power efficiency, η = 0.85 

 

Using equation (2.15) and (2.16) explained earlier, 

 

𝑞𝑞𝑟𝑟 =
𝑇𝑇∞,1 − 𝑇𝑇∞,4

1
2𝜋𝜋𝑟𝑟1𝐿𝐿ℎ1

+ ln( 𝑟𝑟2 𝑟𝑟1)⁄
2𝜋𝜋𝐾𝐾𝐴𝐴𝐿𝐿 + ln( 𝑟𝑟3 𝑟𝑟2)⁄

2𝜋𝜋𝐾𝐾𝐵𝐵𝐿𝐿 + ln( 𝑟𝑟4 𝑟𝑟3)⁄
2𝜋𝜋𝐾𝐾𝑐𝑐𝐿𝐿 + 1

2𝜋𝜋𝑟𝑟4𝐿𝐿ℎ4

     

 

𝑞𝑞𝑟𝑟 =
𝑇𝑇∞,1 − 𝑇𝑇∞,3

𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡
 = 𝑈𝑈𝑈𝑈(𝑇𝑇∞,1 − 𝑇𝑇∞,3)  

 

 

The heat transfer rate can be expressed in terms of the temperature difference and resistance associated 
with each element as shown below. 
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𝑞𝑞𝑟𝑟 =
𝑇𝑇𝑠𝑠,1 − 𝑇𝑇2
ln( 𝑟𝑟2 𝑟𝑟1)⁄

2𝜋𝜋𝐾𝐾𝐴𝐴𝐿𝐿

  (4.4) 

 

Internal Temperature of pipe (Ts, 1) can be calculated using the below equation obtained from (4.4), 

 

𝜂𝜂 ∗ 𝑉𝑉 ∗ 𝐼𝐼 =
𝑇𝑇𝑠𝑠,1 − 𝑇𝑇2
ln( 𝑟𝑟2 𝑟𝑟1)⁄

2𝜋𝜋𝐾𝐾𝐴𝐴𝐿𝐿

  (4.5) 

 

[(0.85 ∗ 55.8 ∗ 0.95) 1.372⁄ ] ∗ 1.04 =
𝑇𝑇𝑠𝑠,1 − (38.74 + 273.15)

ln( 0.025 0.023)⁄
2 ∗ 3.14 ∗ 60.5 ∗ 1.04

   

 

34.155 =
𝑇𝑇𝑠𝑠,1 − 311.89
2.11 ∗ 10−4    

 

Internal Temperature of pipe  (𝑇𝑇𝑠𝑠,1) = 311.89 𝐾𝐾   𝑜𝑜𝑜𝑜  38.74 ℃      (4.6) 

 
Similarly, surface temperature of insulation (Ts, 3) can be calculated using the below equation, 

 

𝑞𝑞𝑟𝑟 =
𝑇𝑇2 − 𝑇𝑇𝑠𝑠,3

ln( 𝑟𝑟3 𝑟𝑟2)⁄
2𝜋𝜋𝐾𝐾𝐵𝐵𝐿𝐿

  (4.7) 

 

𝜂𝜂 ∗ 𝑉𝑉 ∗ 𝐼𝐼 =
𝑇𝑇2 − 𝑇𝑇𝑠𝑠,3
ln( 𝑟𝑟3 𝑟𝑟2)⁄

2𝜋𝜋𝐾𝐾𝐵𝐵𝐿𝐿

  (4.8) 

[(0.85 ∗ 55.8 ∗ 0.95) 1.372⁄ ] ∗ 1.04 =
(38.74 + 273.15) − 𝑇𝑇𝑠𝑠,3

ln( 0.035 0.025)⁄
2 ∗ 3.14 ∗ 0.033 ∗ 1.04
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34.155 =
311.89 − 𝑇𝑇𝑠𝑠,3

1.5611
    

Convective Heat transfer coefficient (outer surface), h3 can be calculated using the equation, 

 

𝑞𝑞𝑟𝑟 =
𝑇𝑇𝑠𝑠,3 − 𝑇𝑇∞,3

1
2𝜋𝜋𝑟𝑟3𝐿𝐿ℎ3

  (4.9) 

 

𝜂𝜂 ∗ 𝑉𝑉 ∗ 𝐼𝐼 =
𝑇𝑇𝑠𝑠,3 − 𝑇𝑇∞,3

1
2𝜋𝜋𝑟𝑟3𝐿𝐿ℎ3

  (4.10) 

 

[(0.85 ∗ 55.8 ∗ 0.95) 1.372⁄ ] ∗ 1.04 =
258.6 − 253.47

1
2 ∗ 3.14 ∗ 0.035 ∗ 1.04 ∗ ℎ3

  (4.11) 

 

34.155 =
5.099
4.374

∗ ℎ3   

 

ℎ3 =
149.39
5.099

   

 

The overall heat transfer coefficient U can be defined in terms of the inside area of the insulated pipe 
section, A1 = 2πr1Lpipe using equation (2.16) 

 

𝑞𝑞𝑟𝑟 =
𝑇𝑇∞,1 − 𝑇𝑇∞,3

𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡
 = 𝑈𝑈𝑈𝑈(𝑇𝑇∞,1 − 𝑇𝑇∞,3)   

Surface Temperature of insulation  (𝑇𝑇𝑠𝑠,3) = 258.56 𝐾𝐾   𝑜𝑜𝑜𝑜 − 14.58 ℃  

Convective Heat transfer coefficient (outer surface), h = 29.302 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄     (4.12) 
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𝑈𝑈1 =
𝑞𝑞𝑟𝑟

𝐴𝐴1(𝑇𝑇2 − 𝑇𝑇∞,3)
   (4.13) 

 

𝐴𝐴1 = (2𝜋𝜋 ∗ 𝑟𝑟1 ∗ 𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)             

 

 

𝑈𝑈1 =
𝜂𝜂 ∗ 𝑉𝑉 ∗ 𝐼𝐼  

𝐴𝐴1(𝑇𝑇2 − 𝑇𝑇∞,3)
    

 

𝑈𝑈1 =
[(0.85 ∗ 55.8 ∗ 0.95) 1.372⁄ ] ∗ 1.2

0.1502 ∗ (311.89 − 253.47)
    

 

𝑈𝑈1 =
34.155

0.1502 ∗ 58.42
    

 

Overall heat transfer coefficient , 𝑈𝑈1 = 3.892 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.15) 

 

4.1.3 Case 3: Heat Transfer co-efficient calculation for deck element (flat plate) 

In this section, heat transfer coefficient for deck element will be calculated using the readings obtained 
during experiment. So, we look into a steel plate with size 1.1 m x 1.1 m with epoxy coating. The 
thickness of the plate is 3 cm and the bottom surface doesn’t have epoxy coating. The plate has heating 
tracing underneath the coating. The ambient temperature is −20 ◦C and the pipe is subjected to a cross 
flow wind of 5 m/s. The values used for the calculation will be the actual ambient temperature and wind 
velocity obtained from calibrated sensors and anemometer at the time of experimentation.  

Assumptions: 

1. Overall Steady-state conditions. 
2. Uniform heat transfer coefficient. 
3. Negligible radiation loss between surroundings and surface. 
4. Constant properties. 
5. Uniform surface temperature for the plate 
6. 15% of the power is lost through the cumulative effect of surface radiation and conduction 

through the edges 

𝐴𝐴1 = (2 ∗ 3.14 ∗ 0.023 ∗ 1.04) = 0.1502𝑚𝑚2   (4.14) 
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All the constants and the variables which are to be used in the calculation of convective heat transfer 
coefficient for the deck element are mentioned below. 

Length, L (m) = 1.1 

Width, W (m)  

Thickness, t (m) 

= 

= 

1.1 

0.03 

Ambient Temperature, T∞  (oC) = -18.03 

Surface Temperature, Ts (oC) = -2.033 

Voltage, V (V) = 223.4 

Current, I (A) = 5.2 

Power efficiency, η = 0.85 

 

Using Equation (2.6) explained earlier, 

𝑞𝑞 = 𝑈𝑈𝑈𝑈 (𝑇𝑇𝑠𝑠 − 𝑇𝑇∞) =
𝑇𝑇𝑠𝑠−𝑇𝑇∞

(1 ℎ𝐴𝐴⁄ )
             

 

𝑞𝑞 = 𝜂𝜂 ∗ 𝑉𝑉 ∗ 𝐼𝐼 =
𝑇𝑇𝑠𝑠−𝑇𝑇∞

(1 𝑈𝑈𝑈𝑈⁄ )
               (4.16) 

 

𝑈𝑈 =
𝜂𝜂 ∗ 𝑉𝑉 ∗ 𝐼𝐼

𝐴𝐴 (𝑇𝑇𝑠𝑠 − 𝑇𝑇∞)            (4.17) 

 

𝑈𝑈 =
(0.85 ∗ 223.4 ∗ 5.2)

�2(1.1 ∗ 1.1) + (1.1 ∗ 0.03 ∗ 4)� ∗  (271.12 − 255.12)
            

 
 

 

 

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 , 𝑈𝑈 =  24.18 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.18) 
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4.2 Theoretical Method 
4.2.1 Case 1: Wind blowing over uninsulated pipe (forced flow scenario) 

In this case, we will consider the same uninsulated pipe under direct influence of the wind flow which 
we used for calculation using experimental data in order to find out the heat transfer coefficient. The OD 
and ID of the pipe is 50 mm and 46 mm respectively. The pipe has a heating element which is centrally 
placed in the pipe. The ambient temperature is −20 ◦C and the pipe is subjected to a cross flow wind       
of 5 m/s. The values used for the calculation will be the actual ambient temperature and wind velocity 
obtained from calibrated instruments at the time of experimentation. The picture shown in                     
Figure 4-3 depicts the actual setup of the uninsulated pipe along with temperature distribution. 

 

 

 
Figure 4-3 Temperature Distribution for the uninsulated pipe (forced flow scenario) 
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Assumptions: 

1. Overall Steady-state conditions. 
2. Heat transfer in the radial direction is one-dimensional. 
3. Uniform surface temperature for the pipe. 
4. 15% of the power is lost through the cumulative effect of surface radiation and conduction 

through the end pieces. 
5. Change in thermal conductivity over a small temperature range is considered negligible. 
6. Change in thermal diffusivity over a small temperature range is considered negligible. 

 
All the constants and the variables which are to be used in the calculation of heat transfer coefficient for 
uninsulated pipe are mentioned below 

Length (pipe), Lpipe (m) = 1.2 

Length (heating element), Lelem (m)  = 1.372 

Outer Diameter, Do (m) = 0.070 

Inner Diameter, Di (m) = 0.046 

Pipe Wall Thickness, tw (m) = 0.002 

Internal pipe radius, r1 (m) = 0.023 

External pipe radius, r2 (m) = 0.025 

Ambient Temperature (pipe internal), T∞,1 (oC) = NA 

Ambient Temperature, T∞  (oC) = -19.41 

Internal Temperature of pipe, Ts,1 (oC) = -16.63 

Surface Temperature of pipe, Ts (oC) = -16.63 

Film Temperature, Tf  (oC) = -18.02 

Set wind velocity, us (m/s) = 5 

Measured wind velocity, um (m/s) = 6.63 

Surface area, A (m2) = 0.1884 

Convective Heat transfer coefficient, h (W/m2 . K) = To be calculated 

Overall Heat transfer coefficient, U1 (W/m2 . K) = To be calculated 

Thermal conductivity of air , kair (W/m . K) at 255K  22.3 x 10-3 

Thermal conductivity of pipe, KA (W/m . K) = 60.5 

Thermal diffusivity of air, α air (m2 / s) at 256K = 15.96 x 10-6 
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We need thermophysical properties of air at atmospheric pressure and film temperature for calculation 
of overall heat transfer coefficient with Hilpert correlation, Fand & Keswani constants and Morgan 
constants using theoretical method. 

Using equation (2.22) for film temperature explained earlier, 

𝑇𝑇𝑓𝑓 =
𝑇𝑇𝑠𝑠 + 𝑇𝑇∞

2
         

 

𝑇𝑇𝑓𝑓 =
(−16.63 + 273.15) + (−19.41 + 273.15)

2
        

 

 

𝑇𝑇𝑓𝑓 =
256.52 + 253.74

2
        

 

 

𝑇𝑇𝑓𝑓 = 255.13.02 𝐾𝐾 𝑜𝑜𝑜𝑜 − 18.02 ℃ (4.19) 

 

Table 4-1Thermophysical properties of air at film temperature (Incropera et al., 2006) 

Thermal conductivity of air , k (W/m . K)  = 22.3 x 10-3 

Thermal diffusivity of air, α (m2 / s)  = 15.96 x 10-6 

Dynamic viscosity of air, μ (N. s /m2) = 159.6 x 10-7 

Kinematic viscosity of air, ν (m2/s) = 11.44x 10-6 

Density of air, ρ (kg/m3) = 1.3947 

Using equation (8.19) explained earlier for Prandtl Number at film temperature, 

𝑃𝑃𝑃𝑃𝑓𝑓 =  
𝜈𝜈
∝

   

𝑃𝑃𝑃𝑃𝑓𝑓 =  
11.44 ∗  10−6

15.96 ∗  10−6  
 

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁, 𝑃𝑃𝑃𝑃𝑓𝑓 =  0.716 (4.20) 
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Using equation (2.20) explained earlier for Reynolds Number at film temperature, 

𝑅𝑅𝑅𝑅𝐷𝐷,𝑓𝑓 =  
𝜌𝜌𝑢𝑢𝑚𝑚𝐷𝐷

𝜇𝜇
  

 

𝑅𝑅𝑅𝑅𝐷𝐷,𝑓𝑓 =  
1.3947 ∗ 6.63 ∗ 0.050

159.6 ∗  10−7  
 

 

Reynolds number, 𝑅𝑅𝑅𝑅𝐷𝐷,𝑓𝑓 =  28968.86 (4.21) 

 

4.2.1.1 Hilpert correlation 

Using equation (8.23) explained earlier for Nusselt number, 

𝑁𝑁𝑁𝑁𝐷𝐷 = 𝐶𝐶𝑅𝑅𝑅𝑅𝐷𝐷,𝑓𝑓
𝑚𝑚𝑃𝑃𝑃𝑃𝑓𝑓

1
3�     

 

�𝑃𝑃𝑃𝑃𝑓𝑓 ≥ 0.7�    

 

Since, the Prandtl number is above 0.7, we can use the Hilpert correlation. 

The overall heat transfer coefficient shall be obtained using original Hilpert constants and the updated 
Hilpert constants given in Table 2-1 and Table 2-2 

Original Hilpert constants 

Using Table 2-1, for Reynolds Number between (4,000 - 40,000) 

C = 0.174, m = 0.618 

Substituting in the below equation to find the Nusselt number, 

𝑁𝑁𝑁𝑁𝐷𝐷 = 𝐶𝐶𝑅𝑅𝑅𝑅𝐷𝐷,𝑓𝑓
𝑚𝑚𝑃𝑃𝑃𝑃𝑓𝑓

1
3�     

𝑁𝑁𝑁𝑁𝐷𝐷 = 0.174 ∗  28968.86 0.618 ∗ 0.7161
3�     

 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛, 𝑁𝑁𝑁𝑁𝐷𝐷 = 89.05 (4.22) 
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Using equation (2.18) explained earlier, 

𝑁𝑁𝑁𝑁𝐷𝐷 =  
ℎ𝐷𝐷
𝑘𝑘

     
 

Rearranging for finding convective heat transfer coefficient 

ℎ =  
𝑁𝑁𝑁𝑁𝐷𝐷𝑘𝑘

𝐷𝐷
  (4.23) 

 

 
Using equation (2.17) for overall heat transfer coefficient w.r.t Area A1, 

𝑈𝑈1 =
1

𝑟𝑟1
𝐾𝐾𝐴𝐴

ln 𝑟𝑟2
𝑟𝑟1

+ 𝑟𝑟1
𝑟𝑟2

1
ℎ2

   (4.25) 

Substituting the values in the above equation, 

𝑈𝑈1 =
1

0.023
60.5 ln �0.025

0.023� + 0.023
0.025 ∗ � 1

39.71�
    

 

4.2.1.2 Updated Hilpert constants 

Using Table 2-2, for Reynolds Number between (4,000 - 40,000),  

C = 0.193, m = 0.618 

Substituting in the below equation to find the Nusselt number, 

ℎ =  
89.05 ∗ 22.3 x 10−3 

0.050
     

 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,     ℎ =  39.71 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄    (4.24) 

𝑈𝑈1 =
1

0.02319
    (4.26) 

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,    𝑈𝑈1 = 43.11 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄     (4.27) 
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𝑁𝑁𝑁𝑁𝐷𝐷 = 𝐶𝐶𝑅𝑅𝑅𝑅𝐷𝐷,𝑓𝑓
𝑚𝑚𝑃𝑃𝑃𝑃𝑓𝑓

1
3�     

 

Using equation (2.18), 

𝑁𝑁𝑁𝑁𝐷𝐷 =  
ℎ𝐷𝐷
𝑘𝑘

  

Rearranging for finding convective heat transfer coefficient 

ℎ =  
𝑁𝑁𝑁𝑁𝐷𝐷𝑘𝑘

𝐷𝐷
  

 

Using equation (2.17) for overall heat transfer coefficient w.r.t Area A1, 

𝑈𝑈1 =
1

𝑟𝑟1
𝐾𝐾𝐴𝐴

ln 𝑟𝑟2
𝑟𝑟1

+ 𝑟𝑟1
𝑟𝑟2

1
ℎ2

    

Substituting the values in the above equation, 

𝑈𝑈1 =
1

0.023
60.5 ln �0.025

0.023� + 0.023
0.025 ∗ � 1

44.05�
   

 

 

𝑈𝑈1 =
1

0.2091
    

 

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,    𝑈𝑈1 = 47.81 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.30) 

𝑁𝑁𝑁𝑁𝐷𝐷 = 0.193 ∗  28968.86 0.618 ∗ 0.7161
3�    

 

 

 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛, 𝑁𝑁𝑁𝑁𝐷𝐷 = 98.77 (4.28) 

ℎ =  
98.77 ∗ 22.3 x 10−3 

0.050
     

 

 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,     ℎ =  44.05 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.29) 
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4.2.1.3 Fand and Keswani Reviewed Constants 

Using Table 2-3, for Reynolds Number between (4,000 - 40,000) 

C = 0.154, m = 0.627 

Substituting in the below equation to find the Nusselt number, 

𝑁𝑁𝑁𝑁𝐷𝐷 = 𝐶𝐶𝑅𝑅𝑅𝑅𝐷𝐷,𝑓𝑓
𝑚𝑚𝑃𝑃𝑃𝑃𝑓𝑓

1
3�     

 

𝑁𝑁𝑁𝑁𝐷𝐷 = 0.154 ∗  28968.86 0.627 ∗ 0.7161
3�     

 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛, 𝑁𝑁𝑁𝑁𝐷𝐷 = 86.45 (4.31) 

Using equation (2.18), 

𝑁𝑁𝑁𝑁𝐷𝐷 =  
ℎ𝐷𝐷
𝑘𝑘

     
 

 

Rearranging for finding convective heat transfer coefficient 

ℎ =  
𝑁𝑁𝑁𝑁𝐷𝐷𝑘𝑘

𝐷𝐷
     

 

 

ℎ =  
86.45 ∗ 22.3 x 10−3 

0.050
     

 

 

Using equation (2.17) for overall heat transfer coefficient w.r.t Area A1, 

 

 

𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,     ℎ =  38.55 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.32) 

𝑈𝑈1 =
1

𝑟𝑟1
𝐾𝐾𝐴𝐴

ln 𝑟𝑟2
𝑟𝑟1

+ 𝑟𝑟1
𝑟𝑟2

1
ℎ2
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Substituting the values in the above equation,  

 

 

4.2.1.4 Morgan Reviewed Constants 

Using Table 2-4, for Reynolds Number between (5,000 - 50,000) 

C = 0.148, m = 0.633 

Substituting in the below equation to find the Nusselt number, 

𝑁𝑁𝑁𝑁𝐷𝐷 = 𝐶𝐶𝑅𝑅𝑅𝑅𝐷𝐷,𝑓𝑓
𝑚𝑚𝑃𝑃𝑃𝑃𝑓𝑓

1
3�     

 

 Using equation (2.18), 

 

 
 

Rearranging for finding convective heat transfer coefficient, 

ℎ =  
𝑁𝑁𝑁𝑁𝐷𝐷𝑘𝑘

𝐷𝐷
     

 

  

𝑈𝑈1 =
1

0.023
60.5 ln �0.025

0.023� + 0.023
0.025 ∗ � 1

38.55�
   

 

 

𝑈𝑈1 =
1

0.2389
   

𝑂𝑂𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,    𝑈𝑈1 = 41.84 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.33) 

  

 

 

𝑁𝑁𝑁𝑁𝐷𝐷 = 0.148 ∗  28968.86 0.633 ∗ 0.7161
3�    

 

 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛, 𝑁𝑁𝑁𝑁𝐷𝐷 = 88.36 (4.34) 

𝑁𝑁𝑁𝑁𝐷𝐷 =  
ℎ𝐷𝐷
𝑘𝑘
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=  
88.36 ∗ 22.3 x 10−3 

0.050
     

 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,     ℎ =  39.41 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.35) 

 

Using equation (2.17) for overall heat transfer coefficient w.r.t Area A1, 

𝑈𝑈1 =
1

𝑟𝑟1
𝐾𝐾𝐴𝐴

ln 𝑟𝑟2
𝑟𝑟1

+ 𝑟𝑟1
𝑟𝑟2

1
ℎ2

    

 

Substituting the values in the above equation, 

𝑈𝑈1 =
1

0.023
60.5 ln �0.025

0.023� + 0.023
0.025 ∗ � 1

39.41�
    

𝑈𝑈1 =
1

0.0233
    

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,    𝑈𝑈1 = 42.78 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.36) 

We need thermophysical properties of air at ambient temperature and surface temperature for calculation 
of overall heat transfer coefficient with the Žukauskas correlation, the Whitaker correlation and the 
Churchill-Bernstein correlation using theoretical method. 

Table 4-2 Thermophysical properties of air at ambient temperature (Incropera et al., 2006) 

Thermal conductivity of air , k (W/m . K)  = 22.3 x 10-3 

Thermal diffusivity of air, α (m2 / s)  = 15.96 x 10-6 

Dynamic viscosity of air, μ (N. s /m2) = 159.6 x 10-7 

Kinematic viscosity of air, ν (m2/s) = 11.44x 10-6 

Density of air, ρ (kg/m3) = 1.3947 
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Using equation (2.19) for Prandtl Number at ambient temperature, 

𝑃𝑃𝑃𝑃𝑎𝑎 =  
𝜈𝜈
∝

   

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁, 𝑃𝑃𝑃𝑃𝑎𝑎 =  0.716 (4.37) 

Using equation (2.20) explained earlier for Reynolds Number at ambient temperature, 

𝑅𝑅𝑅𝑅𝐷𝐷,𝑎𝑎 =  
𝜌𝜌𝑢𝑢𝑚𝑚𝐷𝐷

𝜇𝜇
  

𝑅𝑅𝑅𝑅𝐷𝐷,𝑎𝑎 =  
1.3947 ∗ 6.63 ∗ 0.050

159.6 ∗  10−7  
 

Reynolds number, 𝑅𝑅𝑅𝑅𝐷𝐷,𝑎𝑎 =  28968.86 (4.38) 

 

Table 4-3 Thermophysical properties of air at surface temperature (Incropera et al., 2006) 

Thermal conductivity of air , k (W/m . K)  = 22.3 x 10-3 

Thermal diffusivity of air, α (m2 / s)  = 15.96 x 10-6 

Dynamic viscosity of air, μ (N. s /m2) = 159.6 x 10-7 

Kinematic viscosity of air, ν (m2/s) = 11.44x 10-6 

Density of air, ρ (kg/m3) = 1.3947 

 

Using equation (2.19) for Prandtl Number at surface temperature, 

𝑃𝑃𝑃𝑃𝑠𝑠 =  
𝜈𝜈
∝

   

𝑃𝑃𝑃𝑃𝑎𝑎 =  
11.44 ∗  10−6

15.96 ∗  10−6  
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𝑃𝑃𝑃𝑃𝑠𝑠 =  
11.44 ∗  10−6

15.96 ∗  10−6  
 

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁, 𝑃𝑃𝑃𝑃𝑠𝑠 =  0.716 (4.39) 

 

Using equation (2.20) for Reynolds Number at surface temperature, 

𝑅𝑅𝑅𝑅𝐷𝐷,𝑠𝑠 =  
𝜌𝜌𝑢𝑢𝑚𝑚𝐷𝐷

𝜇𝜇
  

 

𝑅𝑅𝑅𝑅𝐷𝐷,𝑠𝑠 =  
1.3947 ∗ 6.63 ∗ 0.050

159.6 ∗  10−7  
 

 

Reynolds number, 𝑅𝑅𝑅𝑅𝐷𝐷,𝑠𝑠 = 28968.86 (4.40) 

 

4.2.1.5 Žukauskas correlation 

Using equation (2.24) for Nusselt number, 

𝑁𝑁𝑁𝑁𝐷𝐷 =  𝐶𝐶𝑅𝑅𝑅𝑅𝐷𝐷,𝑎𝑎
𝑚𝑚𝑃𝑃𝑃𝑃𝑎𝑎 𝑛𝑛 �

𝑃𝑃𝑃𝑃𝑎𝑎

𝑃𝑃𝑃𝑃𝑠𝑠
�  1 4�     

�1 ≤  𝑅𝑅𝑅𝑅𝐷𝐷,𝑎𝑎  ≤  1 ×  106

0.7 ≤ 𝑃𝑃𝑃𝑃𝑎𝑎 ≤ 500
� 

 

 

Since the above condition for Prandtl number and Reynolds number is satisfied, we can use the 
Žukauskas correlation. 

Using Table 2-5 and Table 2-6 presented earlier, for Prandtl number <10 and Reynolds Number between 
(1,000 - 200,000) 

C = 0.26, m = 0.6 and n = 0.37 
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Substituting the values in the above equation, 

𝑁𝑁𝑁𝑁𝐷𝐷 =  0.26 ∗  28968.860.6 ∗  0.716 0.37 ∗ �
0.716
0.716�  1 4�     

 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛, 𝑁𝑁𝑁𝑁𝐷𝐷 =  109.25 (4.41) 

 

Using equation (2.18) explained earlier, 

𝑁𝑁𝑁𝑁𝐷𝐷 =  
ℎ𝐷𝐷
𝑘𝑘

     
 

 

Rearranging for finding convective heat transfer coefficient 

ℎ =  
𝑁𝑁𝑁𝑁𝐷𝐷𝑘𝑘

𝐷𝐷
     

 

 

ℎ =  
109.25 ∗ 22.3 x 10−3 

0.050
     

 

 

 

Using equation (2.17) for overall heat transfer coefficient w.r.t Area A1, 

𝑈𝑈1 =
1

𝑟𝑟1
𝐾𝐾𝐴𝐴

ln 𝑟𝑟2
𝑟𝑟1

+ 𝑟𝑟1
𝑟𝑟2

1
ℎ2

    

Substituting the values in the above equation, 

𝑈𝑈1 =
1

0.023
60.5 ln �0.025

0.023� + 0.023
0.025 ∗ � 1

48.72�
      

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,     ℎ =  48.72 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.42) 
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𝑈𝑈1 =
1

0.01891
    

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,    𝑈𝑈1 = 52. 88  𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.43) 

 

4.2.1.6 Whitaker correlation 

Using equation (2.25) for Nusselt number, 

𝑁𝑁𝑁𝑁𝐷𝐷 =  �0.5𝑅𝑅𝑅𝑅𝐷𝐷,𝑎𝑎
1

2�  + 0.06𝑅𝑅𝑅𝑅𝐷𝐷,𝑎𝑎
2

3�  � 𝑃𝑃𝑃𝑃𝑎𝑎 0.4 𝜇𝜇𝑎𝑎

𝜇𝜇𝑠𝑠
  1 4�     

�1.00 ≤  𝑅𝑅𝑅𝑅𝐷𝐷,𝑎𝑎  ≤  1 ×  105

0.67 ≤ 𝑃𝑃𝑃𝑃𝑎𝑎 ≤ 300
� 

 

 

Since the above condition for Prandtl number and Reynolds number is satisfied, we can use the Whitaker 
correlation. 

Substituting the values in the above equation, 

𝑁𝑁𝑁𝑁𝐷𝐷 =  �0.5 ∗ 28968.861
2�  + 0.06 ∗ 28968.862

3�  � ∗ 0.716 0.4 ∗ �
159.6 x 10−7

159.6 x 10−7�  1 4�    
 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛, 𝑁𝑁𝑁𝑁𝐷𝐷 =  123.97 (4.44) 

 

Using equation (2.18), 

𝑁𝑁𝑁𝑁𝐷𝐷 =  
ℎ𝐷𝐷
𝑘𝑘

     
 

 

Rearranging for finding convective heat transfer coefficient 

ℎ =  
𝑁𝑁𝑁𝑁𝐷𝐷𝑘𝑘

𝐷𝐷
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ℎ =  
123.97 ∗ 22.3 x 10−3 

0.050
     

 

 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,     ℎ =  55.29 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.45) 

 

Using equation (8.17) for overall heat transfer coefficient w.r.t Area A1, 

𝑈𝑈1 =
1

𝑟𝑟1
𝐾𝐾𝐴𝐴

ln 𝑟𝑟2
𝑟𝑟1

+ 𝑟𝑟1
𝑟𝑟2

1
ℎ2

    

Substituting the values in the above equation, 

𝑈𝑈1 =
1

0.023
60.5 ln �0.025

0.023� + 0.023
0.025 ∗ � 1

55.29�
    

𝑈𝑈1 =
1

0.0166
    

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,    𝑈𝑈1 = 59.98 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.46) 

  

4.2.1.7 Churchill-Bernstein correlation 

Using equation (2.26) for Nusselt number, 

Using equation (2.26) for Nusselt number, 

𝑁𝑁𝑁𝑁𝐷𝐷 = 0.3 + 
0.62𝑅𝑅𝑅𝑅𝐷𝐷,𝑠𝑠

1
2� 𝑃𝑃𝑃𝑃𝑠𝑠

1
3�

(1 + (0.4 𝑃𝑃𝑃𝑃𝑠𝑠⁄ )2 3⁄ )1
4�

 ×  �1 + �𝑅𝑅𝑅𝑅𝐷𝐷,𝑠𝑠 282000⁄ �
5

8� �
4

5�
  

[𝑅𝑅𝑅𝑅𝐷𝐷𝑃𝑃𝑃𝑃 ≥ 0.2]    

 

Since the above condition ReDPr ≥ 0.2 is satisfied, we can use the Churchill-Bernstein correlation. 
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𝑁𝑁𝑁𝑁𝐷𝐷 = 0.3 + 
0.62 ∗ 28968.861

2� ∗ 0.7161
3�

(1 + (0.4 0.716⁄ )2 3⁄ )1
4�

 ×  �1 + (28968.86 282000⁄ )5
8� �

4
5�

    
 

 

𝑁𝑁𝑁𝑁𝐷𝐷 = 0.3 +  82.94 ×  1.188  

 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛, 𝑁𝑁𝑁𝑁𝐷𝐷 = 98.83 (4.47) 

 

Using equation (2.18), 

𝑁𝑁𝑁𝑁𝐷𝐷 =  
ℎ𝐷𝐷
𝑘𝑘

     
 

 

Rearranging for finding convective heat transfer coefficient 

 

ℎ =  
𝑁𝑁𝑁𝑁𝐷𝐷𝑘𝑘

𝐷𝐷
     

 

 

ℎ =  
98.83 ∗ 22.3 x 10−3 

0.050
     

 

 

𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,     ℎ =  43.48 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.48) 

Using equation (2.17) for overall heat transfer coefficient w.r.t Area A1, 

𝑈𝑈1 =
1

𝑟𝑟1
𝐾𝐾𝐴𝐴

ln 𝑟𝑟2
𝑟𝑟1

+ 𝑟𝑟1
𝑟𝑟2

1
ℎ2

    

Substituting the values in the above equation. 
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Substituting the values in the above equation, 

𝑈𝑈1 =
1

0.023
60.5 ln �0.025

0.023� + 0.023
0.025 ∗ � 1

43.48�
    

𝑈𝑈1 =
1

0.02119
    

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,    𝑈𝑈1 = 47.19 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.49) 

 

  

Table 4-4 Heat transfer coefficient values from different correlations-50 mm uninsulated pipe 

Different Heat Transfer Correlations 

Nusselt 
Number,  

 
NuD 

Convective 
Heat 

Transfer 
coefficient, 

 h (W/m2 .K) 

Overall Heat 
Transfer 

coefficient,  
U1 (W/m2 .K) 

Hilpert Correlation - 

Original Hilpert Constants 89.05 39.71 43.11 

Updated Hilpert Constants 98.77 44.05 47.81 

Fand & Keswani Reviewed Constants 86.45 38.55 41.84 

Morgan Reviewed Constants 88.36 39.41 42.78 

Žukauskas Correlation 109.25 48.72 52.88 

Whitaker Correlation 123.97 55.29 59.98 

Churchill-Bernstein Correlation 98.33 43.48 47.19 
 

 

 

 

 

 

  

Master Thesis                                                                                                                              Page | 57  

 

 



Validation of heat transfer coefficients in pipes and deck element                                   Jino Peechanatt 

 

4.2.2 Case 2: Wind blowing over multiple insulated pipes (forced flow scenario) 

In this case, we will consider the same insulated pipe under direct influence of the wind flow which we 
used for calculation using experimental data to find out the heat transfer coefficient. The outer diameter 
of the pipe is 50 mm, thickness of 2 mm and 10 mm thick insulation. The pipe has a heating element 
which is centrally placed in the pipe. The ambient temperature is −20 ◦C and the pipe is subjected to a 
cross flow wind of 5 m/s. The values used for the calculation will be the actual ambient temperature and 
wind velocity obtained from calibrated instruments at the time of experimentation. The picture shown in 
Figure 4-4 depicts the actual setup of the insulated pipe with temperature distribution. 

 
 

 
Figure 4-4 Temperature Distribution for the insulated pipe 
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Assumptions: 

1. Overall Steady-state conditions. 
2. Heat transfer in the radial direction is one-dimensional. 
3. Thermal resistance at the tube wall is negligible. 
4. Insulation has constant properties. 
5. Negligible radiation loss between surroundings and insulation surface. 
6. Negligible heat loss through the end caps of the pipe.  
7. Uniform surface temperature for the pipe 
8. Change in thermal conductivity over a small temperature range is considered negligible 
9. Change in thermal diffusivity over a small temperature range is considered negligible 

All the constants and the variables which are to be determined for the insulated pipe heat transfer 
coefficient calculation are mentioned below. 

Length (pipe), Lpipe (m) = 1.2 

Length (with insulation), Lins (m)  = 1.04 

Outer Diameter, Do (m) = 0.070 

Inner Diameter, Di (m) = 0.046 

Pipe Wall Thickness, tw (m) = 0.002 

Insulation Thickness, tins (m) = 0.10 

Internal pipe radius, r1 (m) = 0.023 

External pipe radius, r2 (m) = 0.025 

External insulation radius, r3 (m) = 0.035 

Ambient Temperature (pipe internal), T∞,1 (oC) = NA 

Ambient Temperature, T∞,3 (oC) = -19.68 

Internal Temperature of pipe, Ts,1 (oC) = 38.74 

Surface Temperature of pipe, T2 (oC) = 38.74 

Surface Temperature of insulation, Ts,3 (oC) = -14.58 

Film Temperature, Tf  (oC) = -17.13 

Set wind velocity, us (m/s) = 5 

Measured wind velocity, um (m/s) = 6.63 

Surface area (pipe internal), A1 (m2) = 0.1502 

Convective Heat transfer coefficient, h (W/m2 . K) = To be calculated 
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Overall Heat transfer coefficient, U1 (W/m2 . K) = To be calculated 

Thermal conductivity of air , kair (W/m . K) at 256K  22.3 x 10-3 

Thermal conductivity of pipe, KA (W/m . K) = 60.5 

Thermal conductivity of insulation, KB (W/m . K) = 0.033 

Thermal diffusivity of air, α air (m2 / s) at 256K = 15.96 x 10-6 

 
We need thermophysical properties of air at atmospheric pressure and film temperature for calculation 
of overall heat transfer coefficient with Hilpert correlation, Fand & Keswani constants and Morgan 
constants using theoretical method. 

 

Using equation (2.22) for film temperature explained earlier section, 

𝑇𝑇𝑓𝑓 =
𝑇𝑇𝑠𝑠,3 + 𝑇𝑇∞,3

2
         

 

𝑇𝑇𝑓𝑓 =
(−14.58 + 273.15) + (−19.68 + 273.15)

2
         

 

𝑇𝑇𝑓𝑓 =
258.57 + 253.47

2
         

 

𝑇𝑇𝑓𝑓 = 256.02 𝐾𝐾 𝑜𝑜𝑜𝑜 − 17.13 ℃ (4.50) 

 

Table 4-5 Thermophysical properties of air at film temperature  (Incropera et al., 2006) 

Thermal conductivity of air , k (W/m . K)  = 22.3 x 10-3 

Thermal diffusivity of air, α (m2 / s)  = 15.96 x 10-6 

Dynamic viscosity of air, μ (N. s /m2) = 159.6 x 10-7 

Kinematic viscosity of air, ν (m2/s) = 11.44x 10-6 

Density of air, ρ (kg/m3) = 1.3947 
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Using equation (2.19) explained earlier for Prandtl Number at film temperature, 

𝑃𝑃𝑟𝑟𝑓𝑓 =  
𝜈𝜈
∝

   
 

𝑃𝑃𝑃𝑃𝑓𝑓 =  
11.44 ∗  10−6

15.96 ∗  10−6   

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁, 𝑃𝑃𝑃𝑃𝑓𝑓 =  0.716 (4.51) 
 

Using equation (2.20) explained earlier for Reynolds Number at film temperature, 

𝑅𝑅𝑅𝑅𝐷𝐷,𝑓𝑓 =  
𝜌𝜌𝑢𝑢𝑚𝑚𝐷𝐷

𝜇𝜇
  

 

𝑅𝑅𝑅𝑅𝐷𝐷,𝑓𝑓 =  
1.3947 ∗ 6.63 ∗ 0.070

159.6 ∗  10−7   

 

Reynolds number, 𝑅𝑅𝑅𝑅𝐷𝐷,𝑓𝑓 =  40556.40 (4.52) 

 

4.2.2.1 Hilpert correlation 

Using equation (2.23) explained earlier for Nusselt number, 

𝑁𝑁𝑁𝑁𝐷𝐷 = 𝐶𝐶𝑅𝑅𝑅𝑅𝐷𝐷,𝑓𝑓
𝑚𝑚𝑃𝑃𝑃𝑃𝑓𝑓

1
3�     

 

�𝑃𝑃𝑃𝑃𝑓𝑓 ≥ 0.7�    
 

Since the Prandtl number is above 0.7, we can use the Hilpert correlation. 

The overall heat transfer coefficient shall be obtained using original Hilpert constants and the updated 
Hilpert constants given in Table 2-1 and Table 2-2 

4.2.2.2 Original Hilpert constants 

Using Table 2-1, for Reynolds Number between (40,000-400,000) 

C = 0.0239, m = 0.805 
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Substituting in the below equation to find the Nusselt number, 

𝑁𝑁𝑁𝑁𝐷𝐷 = 𝐶𝐶𝑅𝑅𝑅𝑅𝐷𝐷,𝑓𝑓
𝑚𝑚𝑃𝑃𝑃𝑃𝑓𝑓

1
3�     

 

𝑁𝑁𝑁𝑁𝐷𝐷 = 0.0239 ∗  40556.40 0.805 ∗ 0.7161
3�     

 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛, 𝑁𝑁𝑁𝑁𝐷𝐷 = 109.52 (4.53) 

Using equation (2.18) explained earlier, 

𝑁𝑁𝑁𝑁𝐷𝐷 =  
ℎ𝐷𝐷
𝑘𝑘

      

Rearranging for finding convective heat transfer coefficient 

ℎ =  
𝑁𝑁𝑁𝑁𝐷𝐷𝑘𝑘

𝐷𝐷
 (4.54) 

 

Using equation (2.17) for overall heat transfer coefficient w.r.t Area A1, 

𝑈𝑈1 =
1

𝑟𝑟1
𝐾𝐾𝐴𝐴

ln 𝑟𝑟2
𝑟𝑟1

+ 𝑟𝑟1
𝐾𝐾𝐵𝐵

ln 𝑟𝑟3
𝑟𝑟2

+ 𝑟𝑟1
𝑟𝑟3

1
ℎ3

   (4.56) 

Substituting the values in the above equation, 

𝑈𝑈1 =
1

0.023
60.5 ln �0.025

0.023� + 0.023
0.033 ln �0.035

0.025� + 0.023
0.035 ∗ � 1

34.89�
    

 

ℎ =  
109.52 ∗ 22.3 x 10−3 

0.070
      

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,     ℎ =  34.89 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.55) 

𝑈𝑈1 =
1

0.2533
   (4.57) 

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,    𝑈𝑈1 = 3.947 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.58) 
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4.2.2.3 Updated Hilpert constants 

Using Table 2-2, for Reynolds Number between (40,000-400,000),  

C = 0.027, m = 0.805 

Substituting in the below equation to find the Nusselt number, 

𝑁𝑁𝑁𝑁𝐷𝐷 = 𝐶𝐶𝑅𝑅𝑅𝑅𝐷𝐷,𝑓𝑓
𝑚𝑚𝑃𝑃𝑃𝑃𝑓𝑓

1
3�     

 

 

Using equation (2.18), 

𝑁𝑁𝑁𝑁𝐷𝐷 =  
ℎ𝐷𝐷
𝑘𝑘

      

 

Rearranging for finding convective heat transfer coefficient 

ℎ =  
𝑁𝑁𝑁𝑁𝐷𝐷𝑘𝑘

𝐷𝐷
      

 

 

Using equation (2.17) for overall heat transfer coefficient w.r.t Area A1, 

𝑈𝑈1 =
1

𝑟𝑟1
𝐾𝐾𝐴𝐴

ln 𝑟𝑟2
𝑟𝑟1

+ 𝑟𝑟1
𝐾𝐾𝐵𝐵

ln 𝑟𝑟3
𝑟𝑟2

+ 𝑟𝑟1
𝑟𝑟3

1
ℎ3

    

 

Substituting the values in the above equation, 

𝑁𝑁𝑁𝑁𝐷𝐷 = 0.027 ∗  40556.40 0.805 ∗ 0.7161
3�    

 
 

 

 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑛𝑛𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏𝑏𝑏, 𝑁𝑁𝑁𝑁𝐷𝐷 = 123.73 (4.59) 

ℎ =  
123.73 ∗ 22.3 x 10−3 

0.070
      

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑟𝑟 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,     ℎ =  39.41 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.60) 
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𝑈𝑈1 =
1

0.023
60.5 ln �0.025

0.023� + 0.023
0.033 ln �0.035

0.025� + 0.023
0.035 ∗ � 1

39.41�
    

 

𝑈𝑈1 =
1

0.2512
    

 

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,    𝑈𝑈1 = 3.980 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.61) 

 

4.2.2.4 Fand and Keswani Reviewed Constants 

Using Table 2-3, for Reynolds Number between (40,000-400,000) 

C = 0.024, m = 0.898 

Substituting in the below equation to find the Nusselt number, 

𝑁𝑁𝑁𝑁𝐷𝐷 = 𝐶𝐶𝑅𝑅𝑅𝑅𝐷𝐷,𝑓𝑓
𝑚𝑚𝑃𝑃𝑃𝑃𝑓𝑓

1
3�     

 

𝑁𝑁𝑁𝑁𝐷𝐷 = 0.024 ∗  40556.40 0.898 ∗ 0.7161
3�     

 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛, 𝑁𝑁𝑁𝑁𝐷𝐷 = 295.04 (4.62) 

Using equation (2.18), 

𝑁𝑁𝑁𝑁𝐷𝐷 =  
ℎ𝐷𝐷
𝑘𝑘

      

Rearranging for finding convective heat transfer coefficient 

ℎ =  
𝑁𝑁𝑢𝑢𝐷𝐷𝑘𝑘

𝐷𝐷
      

 

ℎ =  
295.04 ∗ 22.3 x 10−3 

0.070
      

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,     ℎ =  93.99 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.63) 
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Using equation (2.17) for overall heat transfer coefficient w.r.t Area A1, 

Substituting the values in the above equation, 

 

 

 

4.2.2.5 Morgan Reviewed Constants 

Using Table 2-4, for Reynolds Number between (5,000-50,000) 

C = 0.0208, m = 0.814 

Substituting in the below equation to find the Nusselt number, 

𝑁𝑁𝑁𝑁𝐷𝐷 = 𝐶𝐶𝑅𝑅𝑅𝑅𝐷𝐷,𝑓𝑓
𝑚𝑚𝑃𝑃𝑃𝑃𝑓𝑓

1
3�     

 

 Using equation (2.18), 

 

 

𝑈𝑈1 =
1

𝑟𝑟1
𝐾𝐾𝐴𝐴

ln 𝑟𝑟2
𝑟𝑟1

+ 𝑟𝑟1
𝐾𝐾𝐵𝐵

ln 𝑟𝑟3
𝑟𝑟2

+ 𝑟𝑟1
𝑟𝑟3

1
ℎ3

    

𝑈𝑈1 =
1

0.023
60.5 ln �0.025

0.023� + 0.023
0.033 ln �0.035

0.025� + 0.023
0.035 ∗ � 1

94.26�
    

𝑈𝑈1 =
1

0.2414
    

𝑂𝑂𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,    𝑈𝑈1 = 4.140 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.64) 

  

𝑁𝑁𝑁𝑁𝐷𝐷 = 0.0208 ∗  40556.40 0.814 ∗ 0.7161
3�    

 
 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛, 𝑁𝑁𝑁𝑁𝐷𝐷 = 104.87 (4.65) 

𝑁𝑁𝑁𝑁𝐷𝐷 =  
ℎ𝐷𝐷
𝑘𝑘
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Rearranging for finding convective heat transfer coefficient, 

ℎ =  
𝑁𝑁𝑁𝑁𝐷𝐷𝑘𝑘

𝐷𝐷
      

  

ℎ =  
104.87 ∗ 22.3 x 10−3 

0.070
     

 

 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,     ℎ =  33.40 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.66) 

 

Using equation (2.17) for overall heat transfer coefficient w.r.t Area A1, 

 

𝑈𝑈1 =
1

𝑟𝑟1
𝐾𝐾𝐴𝐴

ln 𝑟𝑟2
𝑟𝑟1

+ 𝑟𝑟1
𝐾𝐾𝐵𝐵

ln 𝑟𝑟3
𝑟𝑟2

+ 𝑟𝑟1
𝑟𝑟3

1
ℎ3

    

 

Substituting the values in the above equation, 

 

𝑈𝑈1 =
1

0.023
60.5 ln �0.025

0.023� + 0.023
0.033 ln �0.035

0.025� + 0.023
0.035 ∗ � 1

33.50�
    

 

𝑈𝑈1 =
1

0.2541
    

 

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,    𝑈𝑈1 = 3.935 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.67) 

  

 

We need thermophysical properties of air at ambient temperature and surface temperature for calculation 
of overall heat transfer coefficient with Žukauskas correlation, Whitaker correlation and Churchill-
Bernstein correlation using theoretical method. 
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Table 4-6 Thermophysical properties of air at ambient temperature (Incropera et al., 2006) 

Thermal conductivity of air, k (W/m . K)  = 22.3 x 10-3 

Thermal diffusivity of air, α (m2 / s)  = 15.96 x 10-6 

Dynamic viscosity of air, μ (N. s /m2) = 159.6 x 10-7 

Kinematic viscosity of air, ν (m2/s) = 11.44x 10-6 

Density of air, ρ (kg/m3) = 1.3947 

 

Using equation (2.19) for Prandtl Number at ambient temperature, 

 

𝑃𝑃𝑃𝑃𝑎𝑎 =  
𝜈𝜈
∝

   
 

𝑃𝑃𝑃𝑃𝑎𝑎 =  
11.44 ∗  10−6

15.96 ∗  10−6   

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁, 𝑃𝑃𝑃𝑃𝑎𝑎 =  0.716 (4.68) 

 

Using equation (2.20) explained earlier for Reynolds Number at ambient temperature, 

 

𝑅𝑅𝑅𝑅𝐷𝐷,𝑎𝑎 =  
𝜌𝜌𝑢𝑢𝑚𝑚𝐷𝐷

𝜇𝜇
  

 

𝑅𝑅𝑅𝑅𝐷𝐷,𝑎𝑎 =  
1.3947 ∗ 6.63 ∗ 0.070

159.6 ∗  10−7   

 

Reynolds number, 𝑅𝑅𝑅𝑅𝐷𝐷,𝑎𝑎 =  40556.40 (4.69) 
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Table 4-7 Thermophysical properties of air at surface temperature (Incropera et al., 2006) 

Thermal conductivity of air, k (W/m . K)  = 22.3 x 10-3 

Thermal diffusivity of air, α (m2 / s)  = 15.96 x 10-6 

Dynamic viscosity of air, μ (N. s /m2) = 159.6 x 10-7 

Kinematic viscosity of air, ν (m2/s) = 11.44x 10-6 

Density of air, ρ (kg/m3) = 1.3947 

 

Using equation (2.19) for Prandtl Number at surface temperature, 

𝑃𝑃𝑃𝑃𝑠𝑠 =  
𝜈𝜈
∝

   
 

𝑃𝑃𝑃𝑃𝑠𝑠 =  
11.44 ∗  10−6

15.96 ∗  10−6   

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁, 𝑃𝑃𝑃𝑃𝑠𝑠 =  0.716 (4.70) 
 

Using equation (2.20) for Reynolds Number at surface temperature, 

𝑅𝑅𝑅𝑅𝐷𝐷,𝑠𝑠 =  
𝜌𝜌𝑢𝑢𝑚𝑚𝐷𝐷

𝜇𝜇
  

 

𝑅𝑅𝑅𝑅𝐷𝐷,𝑠𝑠 =  
1.3947 ∗ 6.63 ∗ 0.070

159.6 ∗  10−7   

 

Reynolds number, 𝑅𝑅𝑅𝑅𝐷𝐷,𝑠𝑠 =  40556.40 (4.71) 

 

4.2.2.6 Žukauskas correlation 

Using equation (8.24) for Nusselt number, 

𝑁𝑁𝑁𝑁𝐷𝐷 =  𝐶𝐶𝑅𝑅𝑅𝑅𝐷𝐷,𝑎𝑎
𝑚𝑚𝑃𝑃𝑃𝑃𝑎𝑎 𝑛𝑛 �

𝑃𝑃𝑃𝑃𝑎𝑎

𝑃𝑃𝑃𝑃𝑠𝑠
�  1 4�     
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�1 ≤  𝑅𝑅𝑅𝑅𝐷𝐷,𝑎𝑎  ≤  1 ×  106

0.7 ≤ 𝑃𝑃𝑃𝑃𝑎𝑎 ≤ 500
�  

 

Since the above condition for Prandtl number and Reynolds number is satisfied, we can use the 
Žukauskas correlation. 

Using Table 2-5 and Table 2-6 presented earlier, for Prandtl number <10 and Reynolds Number between 
(1,000 - 200,000) 

C = 0.26, m = 0.6 and n = 0.37 

Substituting the values in the above equation, 

𝑁𝑁𝑁𝑁𝐷𝐷 =  0.26 ∗  40556.400.6 ∗  0.716 0.37 ∗ �
0.716
0.716�  1 4�     

 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛, 𝑁𝑁𝑁𝑁𝐷𝐷 =  133.69 (4.72) 

 

Using equation (2.18) explained earlier, 

𝑁𝑁𝑁𝑁𝐷𝐷 =  
ℎ𝐷𝐷
𝑘𝑘

      

 

Rearranging for finding convective heat transfer coefficient 

ℎ =  
𝑁𝑁𝑁𝑁𝐷𝐷𝑘𝑘

𝐷𝐷
      

 

ℎ =  
133.69 ∗ 22.3 x 10−3 

0.070
      

 

 

Using equation (2.17) for overall heat transfer coefficient w.r.t Area A1, 

𝑈𝑈1 =
1

𝑟𝑟1
𝐾𝐾𝐴𝐴

ln 𝑟𝑟2
𝑟𝑟1

+ 𝑟𝑟1
𝐾𝐾𝐵𝐵

ln 𝑟𝑟3
𝑟𝑟2

+ 𝑟𝑟1
𝑟𝑟3

1
ℎ3

    

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,     ℎ =  42.59 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.73) 
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Substituting the values in the above equation, 

𝑈𝑈1 =
1

0.023
60.5 ln �0.025

0.023� + 0.023
0.033 ln �0.035

0.025� + 0.023
0.035 ∗ � 1

42.59�
    

 

𝑈𝑈1 =
1

0.2499
    

 

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,    𝑈𝑈1 = 4.001 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.74) 

 

4.2.2.7 Whitaker correlation 

Using equation (2.25) for Nusselt number, 

𝑁𝑁𝑁𝑁𝐷𝐷 =  �0.5𝑅𝑅𝑅𝑅𝐷𝐷,𝑎𝑎
1

2�  + 0.06𝑅𝑅𝑅𝑅𝐷𝐷,𝑎𝑎
2

3�  � 𝑃𝑃𝑃𝑃𝑎𝑎 0.4 𝜇𝜇𝑎𝑎

𝜇𝜇𝑠𝑠
  1 4�     

 

�1.00 ≤  𝑅𝑅𝑅𝑅𝐷𝐷,𝑎𝑎  ≤  1 ×  105

0.67 ≤ 𝑃𝑃𝑃𝑃𝑎𝑎 ≤ 300
�  

 

Since the above condition for Prandtl number and Reynolds number is satisfied, we can use the Whitaker 
correlation. 

Substituting the values in the above equation, 

𝑁𝑁𝑁𝑁𝐷𝐷 =  �0.5 ∗ 40556.401
2�  + 0.06 ∗ 40556.402

3�  � ∗ 0.716 0.4 ∗ �
159.6 x 10−7

159.6 x 10−7�  1 4�     

 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛, 𝑁𝑁𝑁𝑁𝐷𝐷 =  150.06 (4.75) 

 

Using equation (2.18), 

𝑁𝑁𝑁𝑁𝐷𝐷 =  
ℎ𝐷𝐷
𝑘𝑘
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Rearranging for finding convective heat transfer coefficient 

ℎ =  
𝑁𝑁𝑁𝑁𝐷𝐷𝑘𝑘

𝐷𝐷
      

 

ℎ =  
150.06 ∗ 22.3 x 10−3 

0.070
      

 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,     ℎ =  47.80 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.76) 

 

Using equation (2.17) for overall heat transfer coefficient w.r.t Area A1, 

𝑈𝑈1 =
1

𝑟𝑟1
𝐾𝐾𝐴𝐴

ln 𝑟𝑟2
𝑟𝑟1

+ 𝑟𝑟1
𝐾𝐾𝐵𝐵

ln 𝑟𝑟3
𝑟𝑟2

+ 𝑟𝑟1
𝑟𝑟3

1
ℎ3

    

Substituting the values in the above equation, 

𝑈𝑈1 =
1

0.023
60.5 ln �0.025

0.023� + 0.023
0.033 ln �0.035

0.025� + 0.023
0.035 ∗ � 1

47.80�
    

 

𝑈𝑈1 =
1

0.2482
    

 

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,    𝑈𝑈1 = 4.028 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.77) 

  
4.2.2.8 Churchill-Bernstein correlation 

Using equation (2.26) for Nusselt number, 

 

 

𝑁𝑁𝑁𝑁𝐷𝐷 = 0.3 +  
0.62𝑅𝑅𝑅𝑅𝐷𝐷,𝑠𝑠

1
2� 𝑃𝑃𝑃𝑃𝑠𝑠

1
3�

(1 + (0.4 𝑃𝑃𝑃𝑃𝑠𝑠⁄ )2 3⁄ )1
4�

 ×  �1 + �𝑅𝑅𝑅𝑅𝐷𝐷,𝑠𝑠 282000⁄ �
5

8� �
4

5�
     

[𝑅𝑅𝑅𝑅𝐷𝐷𝑃𝑃𝑃𝑃 ≥ 0.2]     
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Since the above condition 𝑅𝑅𝑅𝑅𝐷𝐷𝑃𝑃𝑃𝑃 ≥ 0.2 is satisfied, we can use the Churchill-Bernstein correlation.  
 
Substituting the values in the above equation,  
 

𝑁𝑁𝑁𝑁𝐷𝐷 = 0.3 + 
0.62 ∗ 40556.401

2� ∗ 0.7161
3�

(1 + (0.4 0.716⁄ )2 3⁄ )1
4�

 ×  �1 + (40556.40 282000⁄ )5
8� �

4
5�

     

 

𝑁𝑁𝑁𝑁𝐷𝐷 = 0.3 +  98.138 ×  1.379  

 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛, 𝑁𝑁𝑁𝑁𝐷𝐷 = 135.63 (4.78) 

 

Using equation (2.18), 

𝑁𝑁𝑁𝑁𝐷𝐷 =  
ℎ𝐷𝐷
𝑘𝑘

      

 

Rearranging for finding convective heat transfer coefficient 

 

ℎ =  
𝑁𝑁𝑁𝑁𝐷𝐷𝑘𝑘

𝐷𝐷
      

 

ℎ =  
135.63 ∗ 22.3 x 10−3 

0.070
      

 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,     ℎ =  43.20 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.79) 

 

Using equation (2.17) for overall heat transfer coefficient w.r.t Area A1, 

𝑈𝑈1 =
1

𝑟𝑟1
𝐾𝐾𝐴𝐴

ln 𝑟𝑟2
𝑟𝑟1

+ 𝑟𝑟1
𝐾𝐾𝐵𝐵

ln 𝑟𝑟3
𝑟𝑟2

+ 𝑟𝑟1
𝑟𝑟3

1
ℎ3
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Substituting the values in the above equation, 

𝑈𝑈1 =
1

0.023
60.5 ln �0.025

0.023� + 0.023
0.033 ln �0.035

0.025� + 0.023
0.035 ∗ � 1

43.20�
    

 

𝑈𝑈1 =
1

0.2497
    

 

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,    𝑈𝑈1 = 4.004 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.80) 

 

Table 4-8 Heat transfer coefficient values from different correlations-50 mm insulated pipe 

Different Heat Transfer Correlations 

Nusselt 
Number,  

 
NuD 

Convective 
Heat 

Transfer 
coefficient, 

 h (W/m2 .K) 

Overall Heat 
Transfer 

coefficient,  
U1 (W/m2 .K) 

Hilpert Correlation - 

Original Hilpert Constants 109.52 34.89 3.947 

Updated Hilpert Constants 123.73 39.41 3.980 

Fand & Keswani Reviewed Constants 295.04 93.99 4.140 

Morgan Reviewed Constants 104.87 33.40 3.935 

Žukauskas Correlation 133.69 42.59 4.001 

Whitaker Correlation 150.06 47.80 4.028 

Churchill-Bernstein Correlation 135.63 43.20 4.004 
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4.2.3 Case 3: Wind blowing over deck element / flat plate (forced flow scenario) 

In this section, heat transfer coefficient for deck element will be calculated using the theoretical method. 
The same steel deck plate with size 1.1 m x 1.1 m with epoxy coating will be considered here. The plate 
has heating tracing underneath the coating. The ambient temperature is −20 ◦C and the pipe is subjected 
to a cross flow wind of 5 m/s. The values used for the calculation will be the actual ambient temperature 
and wind velocity obtained from calibrated sensors and anemometer at the time of experimentation.  

Assumptions: 

1. Overall steady-state conditions. 
2. Uniform heat transfer coefficient. 
3. Constant properties. 
4. Uniform surface temperature for the plate. 
5. Transition occurs at a critical Reynolds number of  Rex,c = of 5 x 105. 
6. Constant thermal conductivity during one dimensional conduction through the wooden pallet. 
7. Change in thermal conductivity of air over a small temperature range is considered negligible 
8. Change in thermal diffusivity of air over a small temperature range is considered negligible. 
9. 80 % of the wooden pallet area is in touch with the bottom surface of deck element and the rest 

20% is exposed to ambient conditions resulting in convective heat transfer. 
10. The power lost during the transmission through the cables is 15%. 
11. Cross flow wind to the bottom surface of the deck element is obstructed due to the wooden pallet. 

All the constants and the variables which are to be used in the calculation overall heat transfer coefficient 
for the deck element are mentioned below. 

Length, L (m) = 1.1 

Width, W (m)  

Thickness, t (m) 

Length of wooden pallet, Lw (m) 

Width of wooden pallet, Ww (m) 

Thickness of wooden pallet contact surface, tw (m) 

= 

= 

= 

= 

= 

1.1 

0.03 

1.2 

0.8 

0.03 

Surface area of  plate surface, A (m2) 

Surface area of wooden pallet, Aw (m2) 

= 

= 

1.21 

0.96 

Ambient Temperature, T∞  (oC) = -19.18 

Surface Temperature, Ts (oC) = -2.033 

Set wind velocity, us (m/s) = 5 

Measured wind velocity, um (m/s) = 6.63 

Convective Heat transfer coefficient, h (W/m2 . K) = To be calculated 
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Thermal conductivity of air , kair (W/m . K) at 256K 

Thermal conductivity of wood, kwood (W/m. K) 

= 

= 

22.3 x 10-3 

0.15 

Thermal diffusivity of air, α air (m2 / s) at 256K = 15.96 x 10-6 

Emissivity , ε  = 0.93 

Transition Distance, xc (m) = To be calculated 

Power efficiency, η = 0.85 

 
Table 4-9 Thermophysical properties of air at ambient temperature (Incropera et al., 2006) 

Thermal conductivity of air , k (W/m . K)  = 22.3 x 10-3 

Thermal diffusivity of air, α (m2 / s)  = 15.96 x 10-6 

Dynamic viscosity of air, μ (N. s /m2) = 159.6 x 10-7 

Kinematic viscosity of air, ν (m2/s) = 11.44x 10-6 

Density of air, ρ (kg/m3) = 1.3947 

 
Using equation (2.19) for Prandtl Number at ambient temperature, 

𝑃𝑃𝑃𝑃 =  
𝜈𝜈
∝

   
 

𝑃𝑃𝑃𝑃 =  
11.44 ∗  10−6

15.96 ∗  10−6   

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁, 𝑃𝑃𝑃𝑃 =  0.716 (4.81) 

Using equation (2.20) for Reynolds Number at surface temperature, 

𝑅𝑅𝑅𝑅𝐷𝐷 =  
𝜌𝜌𝑢𝑢𝑚𝑚𝐿𝐿

𝜇𝜇
  

 

𝑅𝑅𝑅𝑅𝐷𝐷 =  
1.3947 ∗ 6.63 ∗ 1.1

159.6 ∗  10−7   

Reynolds number, 𝑅𝑅𝑅𝑅𝐷𝐷 =  637314.98 𝑜𝑜𝑜𝑜 6.373 ∗ 105 (4.82) 
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Since, ReD is larger than the critical Reynolds number (Rex,c) of 5 x 105, there will be a combination of 
laminar flow and turbulent flow. There are different equation to calculate the Nusselt number for these 
flows and they were presented in equation (2.27) and (2.28). They are summarized below, 

Nusselt number for Laminar flow, 

𝑁𝑁𝑁𝑁𝐷𝐷 =
ℎ𝐷𝐷
𝑘𝑘

 = 0.664𝑅𝑅𝑅𝑅𝐷𝐷
1

2� 𝑃𝑃𝑃𝑃1
3�          [𝑃𝑃𝑃𝑃 ≥ 0.6]  

 

Nusselt Number for Turbulent flow 

 

�𝑅𝑅𝑅𝑅𝑥𝑥,𝑐𝑐  ≤  𝑅𝑅𝑅𝑅𝐷𝐷  ≤  1 ×  108

0.6 ≤ 𝑃𝑃𝑃𝑃 ≤ 60
�    

 

Where, A is a constant which is determined by the critical Reynolds number Rex,c. The equation for A 
is shown in equation (8.29). For, Rex,c = 5 × 105, the value of A = 867 (Incropera et al., 2006) 

In order to find the distance xc, where transition from laminar flow to turbulent flow takes place, the 
below equation is used. 

𝑥𝑥𝑐𝑐 =
𝜈𝜈𝜈𝜈𝜈𝜈𝑥𝑥,𝑐𝑐

𝑢𝑢𝑚𝑚
 (4.83) 

  

 

𝑥𝑥𝑐𝑐 = 0.8627 𝑚𝑚  (4.84) 
 

Substituting the values in the above equations, 

Nusselt number for Laminar flow, 

𝑁𝑁𝑁𝑁𝐷𝐷 = 0.664 ∗ 637314.981
2� ∗ 0.7161

3�     
 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑓𝑓𝑓𝑓𝑓𝑓 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, 𝑁𝑁𝑁𝑁𝐷𝐷 = 474.22 (4.85) 
 

𝑁𝑁𝑁𝑁𝐷𝐷 = (0.037𝑅𝑅𝑅𝑅𝐷𝐷
4

5� − 𝐴𝐴)𝑃𝑃𝑃𝑃1
3�        

𝑥𝑥𝑐𝑐 =
(11.44 ∗  10−6)

6.63
∗   (5.0 ∗  105)  
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Nusselt Number for Turbulent flow 

 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, 𝑁𝑁𝑁𝑁𝐷𝐷 = 680.90 (4.86) 

 

Using equation (2.18), 

𝑁𝑁𝑁𝑁𝐷𝐷 =  
ℎ𝐿𝐿
𝑘𝑘

      

Rearranging for finding convective heat transfer coefficient 

ℎ =  
𝑁𝑁𝑁𝑁𝐷𝐷𝑘𝑘

𝐿𝐿
      

Substituting the values to find the convective heat transfer coefficient for laminar flow, 

ℎ =  
474.22 ∗ 22.3 x 10−3 

1.1
      

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑓𝑓𝑓𝑓𝑓𝑓 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ,     ℎ =  9.613 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.87) 

 

Substituting the values to find the convective heat transfer coefficient for turbulent flow, 

ℎ =  
680.90 ∗ 22.3 x 10−3 

1.1
      

 

Using Equation (2.6) below, the heat transfer for laminar part and turbulent part is obtained. 

𝑞𝑞 = ℎ𝐴𝐴 (𝑇𝑇𝑠𝑠 − 𝑇𝑇∞) (4.89) 

Heat Transfer for laminar flow region is found by substituting values in equation (4.89), 

 

𝑞𝑞 = 9.613 ∗ (0.8627 ∗ 1.1) ∗ (271.11 − 253.97)             

𝑁𝑁𝑁𝑁𝐷𝐷 = (0.037 ∗ 637314.984
5� − 867) ∗ 0.7161

3�        

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ,     ℎ =  13.803 𝑊𝑊 𝑚𝑚2. 𝐾𝐾⁄  (4.88) 

  

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑓𝑓𝑓𝑓𝑓𝑓 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟, 𝑞𝑞 = 156.42 𝑊𝑊 (4.90) 
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Heat Transfer for turbulent flow region is found by substituting values in equation (4.89),  
 

𝑞𝑞 = 13.803 ∗ (0.2373 ∗ 1.1) ∗ (271.11 − 253.97)             

 

Heat loss due to thermal radiation can found by equation (2.7) 

 

𝑞𝑞 = 𝜀𝜀𝜀𝜀𝐴𝐴𝑡𝑡 (𝑇𝑇𝑠𝑠
4 − 𝑇𝑇∞

4 )               

 

Heat loss due to conduction from the bottom surface can found by equation (2.1) 

 

 

Heat transfer through convection from remaining bottom surface is obtained using Equation (4.89),  

𝑞𝑞 = ℎ𝐴𝐴 (𝑇𝑇𝑠𝑠 − 𝑇𝑇∞)  

 

𝑞𝑞 = ℎ�(𝐴𝐴 − 𝐴𝐴𝑤𝑤) + (𝑡𝑡 ∗ 𝐿𝐿 ∗ 4)  + (0.2 ∗  𝐴𝐴𝑤𝑤)� (𝑇𝑇𝑠𝑠 − 𝑇𝑇∞)  

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑓𝑓𝑓𝑓𝑓𝑓 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟, 𝑞𝑞 = 61.75 𝑊𝑊 (4.91) 

𝑞𝑞 = 0.93 ∗ 5.67 x 10−8 ∗ �(1.1 ∗ 1.1 ∗ 2) + (0.03 ∗ 4 ∗ 1.1)� ∗ (271.114 − 253.974) 
 
 

 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑑𝑑𝑑𝑑𝑑𝑑 𝑡𝑡𝑡𝑡 𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟, 𝑞𝑞 = 167.12 𝑊𝑊 (4.92) 

𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = −𝑘𝑘𝐴𝐴𝑤𝑤
(𝑇𝑇2 − 𝑇𝑇1)

𝑡𝑡𝑤𝑤
  

𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = −0.15 ∗ 0.8 ∗ 0.96 ∗
(253.97 − 271.11)

0.03
 

 
 

   

  

  

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑑𝑑𝑑𝑑𝑑𝑑 𝑡𝑡𝑡𝑡 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜𝑛𝑛, 𝑞𝑞 = 65.81 𝑊𝑊 (4.93) 
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𝑞𝑞 = 9.613 ∗ �(1.21 − 0.96) + (0.03 ∗ 4 ∗ 1.1) + (0.2 ∗ 0.96)� ∗ (271.11 − 253.97)  

 

Total heat transfer is found by summation of (4.90), (4.91), (4.92), (4.93) and (4.94), 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, 𝑞𝑞 =  𝑞𝑞𝑙𝑙𝑙𝑙𝑙𝑙 + 𝑞𝑞𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟 +  𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐   

 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡, 𝑞𝑞 = 156.42 + 61.75 + 167.12 +  65.81 + 94.57 𝑊𝑊  
 
  

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡, 𝑞𝑞 = 545.68 𝑊𝑊   (4.95) 

 

The amount of power which needs to be supplied to maintain a constant surface temperature with 85% 
efficiency for the heat tracing is   

𝑞𝑞𝑠𝑠 =
𝑞𝑞
𝜂𝜂

               (4.96) 

 

𝑞𝑞𝑠𝑠 =
545.68

0.85
               

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒, 𝑞𝑞𝑠𝑠 = 641.98  𝑊𝑊   (4.97) 

 

 

 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, 𝑞𝑞 = 94.57 𝑊𝑊   (4.94) 
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5 Results and Discussion 

The results from detailed calculations and analysis are presented in this section. Since, there are many 
plots and tables from the calculations, it is considered appropriate to discuss and comment on them in 
the same section for better understanding. As mentioned earlier, the experiments were performed jointly 
with (Kvamme, 2016) and the scope was subsequently split up for detailed calculation and analysis. The 
result presented in this section pertains to heat transfer coefficient for multiple pipe configuration which 
were performed using experimental and theoretical methods. But, some results from analysis of single 
pipe configuration like uninsulated pipe is used in this thesis to show the effect of insulation on heat 
transfer coefficient. 

The diagram shown in Figure 5-1 illustrates the multiple insulated pipe configuration along with 
positioning of sensors and the applicable pipe surfaces used for analysis. The overall heat transfer 
coefficient for the pipe is obtained using temperature from all 6 sensors, whereas, analysis of heat transfer 
coefficient for top and bottom pipe surface involved usage of readings from only those 3 sensors which 
were connected to the respective top and bottom surface of the pipe. 

 

 
Figure 5-1 Pipe configuration showing top and bottom surface along with temperature sensors 
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5.1 Results from Experimental Method  
5.1.1 Case 1: Heat Transfer co-efficient for uninsulated pipe. 

Table 5-1 from Experiment 11 shows the overall heat transfer coefficient and temperature readings for 
1 x 50 mm uninsulated pipe. Plots of overall heat transfer coefficient for uninsulated pipe versus wind 
velocity is shown in Figure 5-2. 

 
Figure 5-2 Overall Heat Transfer coefficient for a single uninsulated pipe v/s insulated pipe. 

The plot from experiment 11 in Figure 5-2 clearly shows that the overall heat transfer coefficient for the 
uninsulated pipe is very high with an average value of 17 W/m2. K for 0 m/s wind velocity and increases 
considerably as the wind velocity is raised keeping the ambient conditions constant. The aim of the 
experiment was to show the effect of cross flow wind on the heat transfer coefficient and it is observed 
that the overall heat transfer coefficient increases by 400 % with an increase of 5 m/s in the cross flow 
wind and touches a value of 169 W/m2. K at 15 m/s wind speed which corresponds to 894 % of the initial 
value. These numbers are very significant as they show the rate of heat loss from pipes which are 
uninsulated and can be seen as the indication of the energy that is lost in transit when hot fluids are 
circulated through an uninsulated piping system. Additionally, the plot also shows the overall heat 
transfer coefficient for the top and bottom surface of the uninsulated pipe and how it relates to the average 
overall heat transfer coefficient value. As expected, the heat transfer coefficient of the bottom surface is 
higher than the top surface because of the convection inside the pipe. The warm air inside the pipe rises 
up resulting in the heating up of the top surface. This explains the 30 % rise in the temperature of the top 
pipe surface compared to the bottom surface for 0 m/s wind speed as evident from the experimental 
readings shown in Table 5-1. The temperature readings are within 3 % range with increase in wind speed 
as the circulation of heat helps in balancing the temperature at these surfaces. Also, it can be seen that 
until 10 m/s wind speed there is a steady increase in the overall heat transfer coefficient. But, its value 
doesn’t show significant change when the wind speed is increased to 15 m/s as the pipe surface 
temperature is in equilibrium with the ambient temperature (Oosthuizen and Naylor, 1999). 
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5.1.2 Case 2: Heat Transfer co-efficient for insulated pipes. 
5.1.2.1 Experiment No: 2  

Table 5-2 shows the heat transfer coefficient and temperature readings for 2 x 50 mm insulated pipe 
configuration. Plots of overall heat transfer coefficient versus wind velocity for different surfaces are 
shown in Figure 5-3, Figure 5-4 and Figure 5-5. 

 
Figure 5-3 Experiment 2- Overall Heat Transfer coefficient for Pipe 1 & Pipe 2 

 

 
Figure 5-4 Experiment 2- Overall Heat Transfer coefficient for Pipe 1 at different wind velocity 
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Figure 5-5 Experiment 2- Overall Heat Transfer coefficient for Pipe 2 at different wind velocity 

 

 

The plot from experiment 2 in Figure 5-3 shows the overall heat transfer coefficient for two numbers 
diameter 50 mm insulated pipes placed one behind another and subjected to cross flow wind. It is 
observed that the overall heat transfer coefficients for the insulated pipes are in the range of                        
3.4 - 4.2 W/m2. K. The average value of overall heat transfer coefficient increases as the wind velocity 
is raised while the ambient conditions remains the same. But, the change is not substantial from 10 m/s 
to 15 m/s as the pipe’s surface temperature is in balance with the surroundings as observed in Table 5-2. 
The main objective of the experiment was to study the effect of cross flow wind on the heat transfer 
coefficient for the pipe 2 due to the hindrance from pipe 1, and it is observed that the change in overall 
heat transfer coefficient is miniscule with just 2.3 % increase in the value. It can be seen that the rate of 
heat transfer from insulated pipe is lower which is advantageous. Furthermore, as expected from theory, 
the plot of overall heat transfer coefficient for the top and bottom surfaces of the insulated pipe (Figure 
5-4 and Figure 5-5) shows that the heat transfer coefficient of the bottom surface is slightly higher than 
the top surface because of convective heat transfer inside pipe. The overall heat transfer coefficient and 
temperature readings for pipe 1 and pipe 2 throughout the experiment relate very well with 2-3 % change 
as can be seen in Table 5-2. The experiment produced expected results with minimal deviation (Faghri 
et al., 2010). 

3.200

3.400

3.600

3.800

4.000

4.200

4.400

0m/s 5m/s 10 m/s 15 m/s

O
ve

ra
ll 

H
ea

t T
ra

ns
fe

r 
C

oe
ff

ic
ie

nt
 (W

/m
2

.K
)

Wind Velocity (m/s) 

Overall Heat  Transfer Coefficient (U) 

Pipe 2 Top Surface (Pipe 2) Bottom Surface (Pipe 2)

Master Thesis                                                                                                                              Page | 85  

 

 



Validation of heat transfer coefficients in pipes and deck element                                   Jino Peechanatt 

 

 

T
av

g

(°
C

)

U
av

g

(W
/m

2
.K

)
T

av
g

(°
C

)

U
av

g

(W
/m

2
.

T
to

p

(°
C

)

U
to

p

(W
/m

2
.K

)
T

to
p

(°
C

)

U
to

p

(W
/m

2
.

T
bo

tto
m

(°
C

)

U
bo

tto
m

(W
/m

2
.K

T
bo

tto
m

(°
C

)

U
bo

tto
m

(W
/m

2
.K

)
Ru

n 
1

-1
9.

31
46

.4
6

3.
45

5
45

.0
0

3.
53

4
47

.7
0

3.
39

1
45

.4
8

3.
50

8
45

.2
1

3.
52

2
44

.5
2

3.
56

0
Ru

n 
2

-1
9.

32
47

.4
7

3.
40

3
45

.9
3

3.
48

3
48

.7
2

3.
34

0
46

.4
1

3.
45

7
46

.2
1

3.
46

8
45

.4
5

3.
50

9
Ru

n 
3

-1
9.

54
47

.1
9

3.
40

6
45

.6
8

3.
48

5
48

.4
5

3.
34

2
46

.1
7

3.
45

9
45

.9
3

3.
47

2
45

.1
9

3.
51

1
A

ve
ra

ge
-1

9.
39

47
.0

4
3.

42
1

45
.5

4
3.

50
0

48
.2

9
3.

35
8

46
.0

2
3.

47
4

45
.7

8
3.

48
7

45
.0

5
3.

52
6

Ru
n 

1
-1

9.
72

38
.3

2
3.

91
5

37
.8

7
3.

94
6

39
.5

1
3.

83
7

38
.3

4
3.

91
4

37
.1

3
3.

99
7

37
.4

1
3.

97
8

Ru
n 

2
-1

9.
69

39
.4

7
3.

84
1

39
.0

5
3.

86
9

40
.6

8
3.

76
4

39
.5

3
3.

83
8

38
.2

7
3.

92
1

38
.5

8
3.

90
0

Ru
n 

3
-1

9.
63

38
.4

3
3.

91
5

38
.0

0
3.

94
3

39
.6

1
3.

83
6

38
.4

8
3.

91
1

37
.2

4
3.

99
6

37
.5

3
3.

97
6

A
ve

ra
ge

-1
9.

68
38

.7
4

3.
89

0
38

.3
1

3.
91

9
39

.9
4

3.
81

2
38

.7
8

3.
88

8
37

.5
5

3.
97

1
37

.8
4

3.
95

1
Ru

n 
1

-1
9.

60
36

.5
3

4.
04

9
35

.5
4

4.
12

1
37

.7
3

3.
96

4
36

.0
0

4.
08

7
35

.3
3

4.
13

7
35

.0
8

4.
15

6
Ru

n 
2

-1
9.

52
36

.6
2

4.
04

8
35

.6
1

4.
12

3
37

.8
2

3.
96

4
36

.0
8

4.
08

8
35

.4
2

4.
13

7
35

.1
4

4.
15

8
Ru

n 
3

-1
9.

43
36

.7
9

4.
04

2
35

.7
7

4.
11

7
37

.9
8

3.
95

9
36

.2
3

4.
08

3
35

.5
9

4.
13

0
35

.3
0

4.
15

2
A

ve
ra

ge
-1

9.
52

36
.6

5
4.

04
6

35
.6

4
4.

12
0

37
.8

4
3.

96
2

36
.1

0
4.

08
6

35
.4

5
4.

13
5

35
.1

7
4.

15
5

Ru
n 

1
-1

9.
32

37
.0

6
4.

03
1

35
.9

0
4.

11
6

38
.2

9
3.

94
5

36
.3

7
4.

08
1

35
.8

2
4.

12
1

35
.4

2
4.

15
2

Ru
n 

2
-1

9.
26

36
.5

7
4.

07
1

35
.4

0
4.

15
8

37
.7

9
3.

98
4

35
.8

7
4.

12
2

35
.3

6
4.

16
1

34
.9

3
4.

19
4

Ru
n 

3
-1

9.
05

35
.8

7
4.

13
9

34
.6

9
4.

22
9

37
.0

6
4.

05
1

35
.1

6
4.

19
2

34
.6

8
4.

23
0

34
.2

2
4.

26
6

A
ve

ra
ge

-1
9.

21
36

.5
0

4.
08

0
35

.3
3

4.
16

7
37

.7
1

3.
99

3
35

.8
0

4.
13

1
35

.2
8

4.
17

1
34

.8
6

4.
20

3

0 
m

/s

5 
m

/s

10
 m

/s

15
 m

/s

Pi
pe

 2
Pi

pe
 1

Pi
pe

 2
Ex

pe
rim

en
t 2

Pi
pe

 1
Pi

pe
 2

Pi
pe

 1

T
am

bi
en

t

(°
C

)

Ta
bl

e 
5-

2 
Ex

pe
ri

m
en

t 2
-H

ea
t T

ra
ns

fe
r C

oe
ffi

ci
en

t a
nd

 T
em

pe
ra

tu
re

 R
ea

di
ng

s 

Master Thesis                                                                                                                              Page | 86  

 

 



Validation of heat transfer coefficients in pipes and deck element                                   Jino Peechanatt 

 

5.1.2.2 Experiment No: 3  

Table 5-3 shows the heat transfer coefficient and temperature readings for 3 x 50 mm insulated pipe 
configuration. Plots of overall heat transfer coefficient versus different wind velocities and surfaces are 
shown in Figure 5-6, Figure 5-7and Figure 5-8. 

 

Figure 5-6 Experiment 3- Overall Heat Transfer coefficient for Pipe 1, Pipe 2 & Pipe 3 
 

 
Figure 5-7 Experiment 3- Overall Heat Transfer coefficient for Top Surface 
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Figure 5-8 Experiment 3- Overall Heat Transfer coefficient for Bottom Surface 

 

 

The plot from experiment 3 in Figure 5-6  shows the overall heat transfer coefficient for three number 
diameter 50 mm insulated pipes placed one behind another and subjected to cross flow wind. The results 
are very different from the earlier 2 x 50 mm case as can be seen clearly in the plots with the overall heat 
transfer coefficients varying from 3.4 – 4.3 W/m2. K. Though, the average value of overall heat transfer 
coefficient increases as the wind velocity is increased with the ambient temperature at approx. -20 °C. 
But, as seen in experiment 2, the change is not significant from 10 m/s to 15 m/s as the pipe’s surface 
temperature is comparable to the surrounding temperature which can be observed in Table 5-3. The 
effect on the heat transfer coefficient of pipe 3 and pipe 2 due to pipe 1 is very low with maximum 
difference of 2% across all the different runs. The plot of overall heat transfer coefficient for the top and 
bottom surfaces of the insulated pipe (Figure 5-7 and Figure 5-8) shows similar trend as experiment 2 
with the heat transfer coefficient of the bottom surface being slightly higher than the top surface for the 
same reason. The closeness of the overall heat transfer coefficient values and temperature readings for 
pipe 1, pipe 2 and pipe 3 throughout the experiment can be seen in Table 5-3. We can clearly see that 
the experiment 3 follows similar trend and addition of diameter 50 mm insulated pipe doesn’t have much 
implication on the values of overall heat transfer coefficient (Kreith et al., 2011).  
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5.1.2.3 Experiment No: 7  

Table 5-4 shows the heat transfer coefficient and temperature readings for 1 x 25mm and 1 x 50 mm 
insulated pipe configuration. Plots of overall heat transfer coefficient versus wind velocity and different 
surfaces are shown in Figure 5-9 and Figure 5-10. 

 
Figure 5-9 Experiment 7- Overall Heat Transfer coefficient for the whole pipe configuration 

 
Figure 5-10 Experiment 7- Overall Heat Transfer coefficient for Pipe 1 & Pipe 2 

3.200
3.400
3.600
3.800
4.000
4.200
4.400
4.600
4.800
5.000
5.200
5.400
5.600
5.800

0m/s 5m/s 10 m/s 15 m/s

O
ve

ra
ll 

H
ea

t T
ra

ns
fe

r 
C

oe
ff

ic
ie

nt
 (W

/m
2 
.K

)

Wind Velocity (m/s) 

Overall Heat  Transfer Coefficient (U) 

Pipe 1 (25 mm) Pipe 2 (50 mm) Top Surface Pipe 1 (25 mm)

Bottom Surface Pipe 1 (25 mm) Top Surface Pipe 2 (50 mm) Bottom Surface Pipe 2 (50 mm)

3.200
3.400
3.600
3.800
4.000
4.200
4.400
4.600
4.800
5.000
5.200
5.400
5.600
5.800

0m/s 5m/s 10 m/s 15 m/sO
ve

ra
ll 

H
ea

t T
ra

ns
fe

r 
C

oe
ff

ic
ie

nt
 (W

/m
2

.K
)

Wind Velocity (m/s) 

Overall Heat  Transfer Coefficient (U) 

Pipe 1 (25 mm) Pipe 2 (50 mm)

Master Thesis                                                                                                                              Page | 90  

 

 



Validation of heat transfer coefficients in pipes and deck element                                   Jino Peechanatt 

 

 

 

T
av

g

(°
C

)

U
av

g

(W
/m

2
.K

)
T

av
g

(°
C

)

U
av

g

(W
/m

2
.K

)
T

to
p

(°
C

)

U
to

p

(W
/m

2
.K

)
T

to
p

(°
C

)

U
to

p

(W
/m

2
.K

)
T

bo
tto

m

(°
C

)

U
bo

tto
m

(W
/m

2
.K

)
T

bo
tto

m

(°
C

)

U
bo

tto
m

(W
/m

2
.K

)
Ru

n 
1

-1
9.

42
90

.4
3

4.
81

3
49

.0
1

3.
52

7
89

.5
1

4.
85

4
49

.9
1

3.
48

2
91

.3
5

4.
77

3
48

.1
2

3.
57

4
Ru

n 
2

-1
9.

52
89

.7
9

4.
83

7
48

.7
6

3.
53

5
88

.8
8

4.
87

8
49

.7
0

3.
48

7
90

.7
0

4.
79

7
47

.8
1

3.
58

5
Ru

n 
3

-1
9.

52
90

.7
5

4.
79

5
49

.0
0

3.
52

2
89

.8
3

4.
83

5
49

.9
7

3.
47

4
91

.6
7

4.
75

5
48

.0
4

3.
57

3
A

ve
ra

ge
-1

9.
48

90
.3

2
4.

81
5

48
.9

2
3.

52
8

89
.4

0
4.

85
5

49
.8

6
3.

48
1

91
.2

4
4.

77
5

47
.9

9
3.

57
7

Ru
n 

1
-1

9.
52

77
.1

2
5.

47
1

40
.8

7
3.

99
7

76
.2

6
5.

52
0

41
.7

8
3.

93
7

77
.9

7
5.

42
3

39
.9

6
4.

05
8

Ru
n 

2
-1

9.
54

77
.3

7
5.

45
5

40
.9

1
3.

99
3

76
.5

1
5.

50
4

41
.8

4
3.

93
2

78
.2

3
5.

40
8

39
.9

7
4.

05
5

Ru
n 

3
-1

9.
43

78
.4

8
5.

40
0

41
.6

9
3.

94
9

77
.5

9
5.

44
9

42
.6

3
3.

88
9

79
.3

7
5.

35
1

40
.7

5
4.

01
1

A
ve

ra
ge

-1
9.

50
77

.6
6

5.
44

2
41

.1
6

3.
97

9
76

.7
9

5.
49

1
42

.0
8

3.
91

9
78

.5
2

5.
39

4
40

.2
3

4.
04

1
Ru

n 
1

-1
9.

43
74

.4
7

5.
63

0
38

.2
8

4.
18

2
73

.6
2

5.
68

2
39

.2
3

4.
11

5
75

.3
2

5.
58

0
37

.3
4

4.
25

2
Ru

n 
2

-1
9.

10
77

.0
6

5.
49

8
40

.3
9

4.
05

7
76

.1
7

5.
54

9
41

.3
5

3.
99

2
77

.9
4

5.
44

8
39

.4
2

4.
12

4
Ru

n 
3

-1
9.

35
75

.7
6

5.
55

9
39

.3
0

4.
11

6
74

.8
9

5.
61

0
40

.2
5

4.
05

0
76

.6
3

5.
50

9
38

.3
5

4.
18

4
A

ve
ra

ge
-1

9.
29

75
.7

6
5.

56
2

39
.3

2
4.

11
8

74
.9

0
5.

61
3

40
.2

8
4.

05
2

76
.6

3
5.

51
2

38
.3

7
4.

18
6

Ru
n 

1
-1

6.
49

76
.3

4
5.

69
6

40
.1

1
4.

26
5

75
.5

0
5.

74
8

41
.0

6
4.

19
4

77
.1

7
5.

64
5

39
.1

6
4.

33
8

Ru
n 

2
-1

7.
29

77
.3

5
5.

58
7

41
.1

1
4.

13
4

76
.4

9
5.

63
8

42
.0

7
4.

06
7

78
.2

1
5.

53
6

40
.1

5
4.

20
3

Ru
n 

3
-1

7.
55

75
.2

9
5.

69
5

39
.7

2
4.

21
5

74
.4

3
5.

74
8

40
.6

7
4.

14
6

76
.1

5
5.

64
3

38
.7

7
4.

28
6

A
ve

ra
ge

-1
7.

11
76

.3
2

5.
65

9
40

.3
1

4.
20

4
75

.4
7

5.
71

1
41

.2
6

4.
13

5
77

.1
8

5.
60

8
39

.3
6

4.
27

5

0 
m

/s

5 
m

/s

10
 m

/s

15
 m

/s

Pi
pe

 1
Pi

pe
 2

Ex
pe

rim
en

t 7
Pi

pe
 1

Pi
pe

 2
Pi

pe
 1

Pi
pe

 2

T
am

bi
en

t

(°
C

)

Ta
bl

e 
5-

4 
Ex

pe
ri

m
en

t 7
-H

ea
t T

ra
ns

fe
r C

oe
ffi

ci
en

t a
nd

 T
em

pe
ra

tu
re

 R
ea

di
ng

s 

Master Thesis                                                                                                                              Page | 91  

 

 



Validation of heat transfer coefficients in pipes and deck element                                   Jino Peechanatt 

 

5.1.2.4 Experiment No: 9  

Table 5-5 shows the heat transfer coefficient and temperature readings for 2 x 25 mm insulated pipe 
configuration. Plots of overall heat transfer coefficient versus different wind velocities and surfaces are 
shown in Figure 5-11 and Figure 5-12 

 
Figure 5-11 Experiment 9- Overall Heat Transfer coefficient for the whole pipe configuration 

 

 
Figure 5-12 Experiment 9- Overall Heat Transfer coefficient for Pipe 1 & Pipe 2 
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5.1.2.5 Experiment No: 10  

Table 5-6 shows the heat transfer coefficient and temperature readings for a combination of 1 x 50 mm 
and 1 x 25 mm insulated pipe configuration. Plots of overall heat transfer coefficient versus wind velocity 
and surfaces are shown in Figure 5-13 and Figure 5-14. 

 
Figure 5-13 Experiment 10-Overall Heat Transfer coefficient for the whole pipe configuration 

 
Figure 5-14 Experiment 10- Overall Heat Transfer coefficient for Pipe 1 & Pipe 2 
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Since, the plots from experiment 7, experiment 9 and experiment 10 present similar trend despite the 
fact that the pipe configuration were dissimilar in these experiments, it clearly demonstrate that the effect 
of order of pipes on the overall heat transfer subjected to cross flow wind is not substantial. The overall 
heat transfer coefficient for both diameter 25 mm and diameter 50 mm insulated pipes irrespective of 
the order of their placement in the configuration are similar as seen in Figure 5-10 and Figure 5-14. The 
value of overall heat transfer coefficient varies in the range 4.8 – 5.7 W/m2. K for diameter 25 mm pipe 
and from 3.5 – 4.2 W/m2. K in the case of diameter 50 mm pipe (Table 5-4 and Table 5-6). The difference 
is because of the lower surface area in the case of diameter 25 mm pipe compared to diameter 50 mm 
pipe even though same amount of power was supplied for both the pipes regardless of the experiment. 
From equation (2.16), overall heat transfer coefficient is inversely proportional to the surface area of the 
pipe. The overall heat transfer coefficient for diameter 25 mm pipe is 33-37 % higher than the diameter 
50 mm pipe throughout experiment 7 and experiment 10. In the case of experiment 9, two diameter 25 
mm pipes were used instead of a combination of one diameter 25 mm and one diameter 50 mm pipes, 
the overall heat transfer coefficient shows slight increase of 3.5 – 4.0 % compared to the combination 
tests. This is within acceptable limits and can be attributed to the slight difference in the measured 
ambient condition on the day of the experiment (Welty et al., 2008). 

Additionally, plots of overall heat transfer coefficient for the top and bottom surface of the insulated 
pipes are also presented in Figure 5-9, Figure 5-11 and Figure 5-13 along with the average overall heat 
transfer coefficient values. As anticipated from earlier tests and theory, the heat transfer coefficient of 
the bottom surface is higher than the top surface because of the convection inside the pipe. The warm air 
inside the pipe rises up resulting in the heating up of the top surface. This explains the rise in the 
temperature of the top pipe surface compared to the bottom surface throughout the experimental readings 
found in Table 5-1, Table 5-5 and Table 5-6. The temperature readings were within 3 % range with 
increase in wind speed as the circulation of heat helps in balancing the temperature at these surfaces. 
Also, it can be seen that until 5 m/s wind speed there is a steady increase in the overall heat transfer 
coefficient. But, its value doesn’t show significant change when the wind speed is increased to 10 m/s 
or 15 m/s as the pipe surface temperature has peaked and reached a point of equilibrium. It can be clearly 
seen that the rate of heat transfer from insulated pipe is lower. The experiments produced results on 
expected lines and shows negligible deviation (Bejan and Kraus, 2003). 
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5.1.3 Case 3: Heat Transfer co-efficient for deck element (flat plate) 
5.1.3.1 Experiment 12 

Plot of overall heat transfer coefficient versus wind velocity for deck element at different ambient 
temperature is shown in Figure 5-15. Overall heat transfer coefficient, surface temperature readings and 
power consumption for deck element at different ambient conditions are tabulated in Table 5-7, Table 
5-8, Table 5-9 and Table 5-10. 

 
Figure 5-15 Experiment 12-Overall Heat Transfer coefficient for the deck element 

 

The plot from experiment 12 in Figure 5-15 depicts that the overall heat transfer coefficient for the deck 
element with epoxy coating is very high with an average value of 10 W/m2. K for 0 m/s wind velocity 
at different temperatures and increases considerably as the wind velocity and ambient temperature is 
increased. The overall transfer coefficient of the deck element at -15° C, -20° C and -30° C show similar 
trend upon increase in the wind velocity except for -35° C condition which can be because of erroneous 
ambient temperature reading at the time of  the experiment. See Table 5-10 for the readings and it appears 
that the ambient temperature didn’t reduce even though the wind velocity was increased to 15 m/s which 
is not expected. So, the spike in the overall heat transfer coefficient value for the deck element at -35° C 
and 15 m/s is not justified and can be attributed to this error in the temperature reading. Otherwise, the 
deck element shows clear trend and could have yielded better results if they were allowed to stabilize 
for more time. In addition, it can be seen from Table 5-7, Table 5-8, Table 5-9 and Table 5-10 that the 
power consumption increases with the reduction in ambient temperature and increase in wind velocity 
as the deck element tries to use maximum capacity to heat up the deck element (Baehr and Stephan, 
2011).  
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Table 5-7 Experiment 12-Heat Transfer Coefficient and Temperature Readings at -15°C 

Experiment 12 DECK ELEMENT 
Wind  
Speed 
(m/s) 

Set  
Temp 
(°C) 

Ambient  
Temp 
(°C) 

Air  
Temp 
(°C) 

Surface 
 Temp 
(°C) 

Current 
(A) 

Voltage 
(V) 

Power 
(W) 

U 
 (W/m2. K) 

0 -15 -13.81 -11.30 19.97 4.13 224.20 936 9.14 
5 -15 -13.86 -12.80 3.70 4.77 224.75 1076 20.32 
10 -15 -13.48 -12.30 -1.23 5.00 223.30 1123 30.37 
15 -15 -13.01 -11.77 -3.17 5.10 223.83 1151 38.63 

Table 5-8 Experiment 12-Heat Transfer Coefficient and Temperature Readings at -20°C 

Experiment 12 DECK ELEMENT 
Wind  
Speed 
(m/s) 

Set  
Temp 
(°C) 

Ambient  
Temp 
(°C) 

Air  
Temp 
(°C) 

Surface 
 Temp 
(°C) 

Current 
(A) 

Voltage 
(V) 

Power 
(W) 

U 
 (W/m2. K) 

0 -20 -18.90 -17.20 21.27 4.17 225.63 947 7.80 
5 -20 -19.18 -18.03 -2.03 5.20 223.40 1175 22.56 
10 -20 -18.98 -18.03 -7.20 5.47 224.90 1232 34.76 
15 -20 -18.86 -17.63 -9.67 5.60 225.23 1263 45.71 

Table 5-9 Experiment 12-Heat Transfer Coefficient and Temperature Readings at -30°C 

Experiment 12 DECK ELEMENT 
Wind  
Speed 
(m/s) 

Set  
Temp 
(°C) 

Ambient  
Temp 
(°C) 

Air  
Temp 
(°C) 

Surface 
 Temp 
(°C) 

Current 
(A) 

Voltage 
(V) 

Power 
(W) 

U 
 (W/m2. K) 

0 -30 -29.24 -27.00 9.50 4.67 227.00 1071 9.11 
5 -30 -27.82 -26.57 -12.90 5.40 226.43 1231 27.30 
10 -30 -27.86 -26.63 -18.40 5.80 226.00 1320 46.17 
15 -30 -29.63 -27.20 -22.37 5.97 225.90 1362 61.81 

Table 5-10 Experiment 12-Heat Transfer Coefficient and Temperature Readings at -35°C 

Experiment 12 DECK ELEMENT 
Wind  
Speed 
(m/s) 

Set  
Temp 
(°C) 

Ambient  
Temp 
(°C) 

Air  
Temp 
(°C) 

Surface 
 Temp 
(°C) 

Current 
(A) 

Voltage 
(V) 

Power 
(W) 

U 
 (W/m2. K) 

0 -35 -27.77 -24.90 4.47 4.90 226.97 1123 11.49 
5 -35 -27.33 -25.75 -12.60 5.70 225.65 1291 29.08 
10 -35 -30.55 -28.35 -23.55 6.15 225.85 1399 66.09 
15 -35 -26.90 -23.90 -22.35 6.20 225.80 1409 102.59 
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5.2 Results from Theoretical Method  
All the tables generated in theoretical analysis were obtained using python code (Kvamme, 2014) in the 
case of pipe configuration and for the generation of time to freeze tables. Analysis using theoretical 
method for deck element was done using Microsoft excel. The python code used for the calculation is 
presented in Appendix A 

5.2.1 Case 1: Heat Transfer co-efficient for uninsulated pipe (forced flow scenario) 
 

5.2.1.1 Uninsulated pipe with OD=50 mm (insulation thickness t=0mm) 

Table 5-11 shows the overall heat transfer coefficient for 50 mm uninsulated pipe with varying wind 
velocity using different heat transfer correlations. Plot of overall heat transfer coefficient of 50 mm 
uninsulated pipe for each correlation versus different wind velocity is shown in Figure 5-16. 

 
Figure 5-16 Overall Heat Transfer coefficient for 50mm uninsulated pipe using different correlations 

 
The plot from theoretical calculation using similar ambient conditions as were present during experiment 
is shown in Figure 5-2. All the correlations except for (Fand and Keswani, 1973) show very good 
accuracy even at higher Reynolds number. (Fand and Keswani, 1973) shows good correlation until 
Reynolds number of 50,000 and afterwards the values are extremely high. Theoretical calculation shows 
that that the overall heat transfer coefficient for the uninsulated pipe is very high and increases linearly 
as the wind velocity is increased keeping the ambient conditions constant. The purpose of the experiment 
was to show the effect of cross flow wind on the heat transfer coefficient and it is observed that the 
overall heat transfer coefficient value increases by 100 % in going from 5 m/s to 15 m/s (see Table 5-11). 
These numbers are important as they show the rate of heat transfer from pipes which are uninsulated and 
an indicative of the energy that is exchanged when hot fluids are circulated.   
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Table 5-11 Overall heat transfer coefficient for 50mm uninsulated pipe using different correlations 

Pipe 
OD 

(mm) 

Wind  
Velocity 
um(m/s) 

Internal  
Temp 
t (°C) 

Ambient 
Temp 
t (°C) 

Reynolds  
Number 

Nusselt 
Number  
(NuD) 

Convective 
Heat 

Transfer 
coefficient, 

 h (W/m2 .K) 

Overall Heat 
Transfer 

coefficient,  
U1 (W/m2 .K) 

Original Hilpert Correlation 

50 
5 -15 -20 28968.86 89.22 39.79 43.19 
10 -15 -20 55359.80 140.97 62.87 68.19 
15 -15 -20 77031.83 183.91 82.03 88.91 

Updated Hilpert Constants 

50 
5 -15 -20 28968.86 98.96 44.14 47.90 
10 -15 -20 55359.80 159.25 71.03 77.01 
15 -15 -20 77031.83 207.77 92.66 100.40 

Fand & Keswani Constants 

50 
5 -15 -20 28968.86 86.62 38.63 41.93 
10 -15 -20 55359.80 402.28 179.42 193.82 
15 -15 -20 77031.83 541.22 241.38 260.21 

Morgan Constants 

50 
5 -15 -20 28968.86 88.53 39.49 42.86 
10 -15 -20 55359.80 135.35 60.37 65.48 
15 -15 -20 77031.83 177.12 78.99 85.63 

Zukauskas Correlation 

50 
5 -15 -20 28968.86 109.98 49.05 53.23 
10 -15 -20 55359.80 162.21 72.35 78.44 
15 -15 -20 77031.83 197.77 88.21 95.59 

Whitaker Correlation 

50 
5 -15 -20 28968.86 119.81 53.43 57.97 
10 -15 -20 55359.80 173.16 77.23 83.72 
15 -15 -20 77031.83 209.18 93.30 101.08 

Churchill-Bernstein Correlation 

50 
5 -15 -20 28968.86 99.11 44.20 47.97 
10 -15 -20 55359.80 147.39 65.74 71.29 
15 -15 -20 77031.83 182.21 81.27 88.09 
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5.2.1.2 Uninsulated pipe with OD=25 mm (insulation thickness t=0mm) 

Table 5-12 Overall heat transfer coefficient for 25 mm uninsulated pipe using different correlations 
shows the overall heat transfer coefficient for 25 mm uninsulated pipe with varying wind velocity using 
different heat transfer correlations. Plot of overall heat transfer coefficient of 25 mm uninsulated pipe 
for each correlation versus different wind velocity is shown in Figure 5-17. 

 

 
Figure 5-17 Overall Heat Transfer coefficient for 25 mm uninsulated pipe using different correlations 

                                                                                                                                                                
The actual experiment for uninsulated pipe was conducted only for diameter 50 mm pipe. The plot from 
theoretical calculation for diameter 25 mm uninsulated pipe is shown in Figure 5-16. It is observed that 
all the correlations including (Fand and Keswani, 1973) are comparable even though there are some 
cases  where the difference between the values obtained from the correlation have a difference in the 
range of  30-35 % . But, it has to be noted the Reynolds number is significantly lower for diameter           
25 mm pipe as it is directly proportional to outside diameter. Theoretical calculation shows that that the 
overall heat transfer coefficient for the uninsulated pipe increases linearly as the wind velocity is 
increased keeping the ambient conditions constant. The values are higher than the ones obtained for 
diameter 50 mm uninsulated pipe. The overall heat transfer coefficient value increases by 75-100 % in 
going from 5 m/s to 15 m/s as can be observed from Table 5-12.  (Baehr and Stephan, 2011)  

40.00

60.00

80.00

100.00

120.00

140.00

160.00

5m/s 10 m/s 15 m/s

O
ve

ra
ll 

H
ea

t T
ra

ns
fe

r 
C

oe
ff

ic
ie

nt
 (W

/m
2

.K
)

Wind Velocity (m/s) 

Overall Heat  Transfer Coefficient (U) 

Original Hilpert Updated Hilpert Fand & Keswani Morgan

Zukauskas Whitaker Churchill-Bernstein

Master Thesis                                                                                                                              Page | 101  

 

 



Validation of heat transfer coefficients in pipes and deck element                                   Jino Peechanatt 

 

Table 5-12 Overall heat transfer coefficient for 25 mm uninsulated pipe using different correlations 

Pipe 
OD 

(mm) 

Wind  
Velocity 
um(m/s) 

Internal  
Temp 
t (°C) 

Ambient 
Temp 
t (°C) 

Reynolds  
Number 

Nusselt 
Number  
(NuD) 

Convective 
Heat 

Transfer 
coefficient, 

 h (W/m2 .K) 

Overall Heat 
Transfer 

coefficient,  
U1 (W/m2 .K) 

Original Hilpert Correlation 

25 
5 -15 -20 14484.43 58.13 51.86 61.62 
10 -15 -20 27679.90 86.75 77.38 91.86 
15 -15 -20 38515.92 106.39 94.90 112.60 

Updated Hilpert Constants 

25 
5 -15 -20 14484.43 64.48 57.52 68.33 
10 -15 -20 27679.90 96.22 85.83 101.86 
15 -15 -20 38515.92 118.01 105.27 124.84 

Fand & Keswani Constants 

25 
5 -15 -20 14484.43 56.09 50.03 59.45 
10 -15 -20 27679.90 84.18 75.09 89.15 
15 -15 -20 38515.92 103.55 92.37 109.60 

Morgan Constants 

25 
5 -15 -20 14484.43 57.09 50.92 60.51 
10 -15 -20 27679.90 86.02 76.73 91.09 
15 -15 -20 38515.92 106.03 94.58 112.21 

Zukauskas Correlation 

25 
5 -15 -20 14484.43 72.56 64.72 76.87 
10 -15 -20 27679.90 107.02 95.46 113.26 
15 -15 -20 38515.92 130.48 116.39 137.98 

Whitaker Correlation 

25 
5 -15 -20 14484.43 81.03 72.28 85.82 
10 -15 -20 27679.90 116.76 104.15 123.52 
15 -15 -20 38515.92 140.83 125.62 148.87 

Churchill-Bernstein Correlation 

25 
5 -15 -20 14484.43 66.33 59.16 70.28 
10 -15 -20 27679.90 96.47 86.05 102.12 
15 -15 -20 38515.92 117.67 104.97 124.49 
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5.2.2 Case 2: Heat Transfer co-efficient for insulated pipe (forced flow scenario) 
 

5.2.2.1 Insulated pipe with OD=50 mm and insulation thickness t=10mm insulation 

Table 5-13 shows the overall heat transfer coefficient for 50 mm insulated pipe with varying wind 
velocity using different heat transfer correlations. Plot of overall heat transfer coefficient of 50 mm 
insulated pipe for each correlation versus different wind velocity is shown in Figure 5-18. 

 
Figure 5-18 Overall Heat Transfer coefficient for 50 mm insulated pipe using different correlations 

 

The theoretical calculation for OD 50 mm insulated pipe are presented in  Figure 5-3  and it shows the 
overall heat transfer coefficients for the insulated pipes are in the range of 3.95 - 4.10 W/m2. K. The 
values of overall heat transfer coefficient calculated by (Fand and Keswani, 1973) are in the range        
4.15 – 4.20 W/m2. K whereas rest of the correlations show proximity. The average value of overall heat 
transfer coefficient increases as the wind velocity is raised while the ambient conditions remains the 
same. But, the change is not substantial from 10 m/s to 15 m/s as the convective heat transfer has reached 
almost the threshold value and further increase in the wind velocity doesn’t help in increasing the pipe’s 
convective heat transfer value. The main objective of the experiment was to study the effect of cross 
flow wind on the heat transfer coefficient for the pipe and it is observed that the change in overall heat 
transfer coefficient is very small with just 3.0 - 4.0 % increase in the value in going from 0 m/s wind 
velocity to 15 m/s. The overall heat transfer coefficient for a particular case relate very well with 1-3 % 
change throughout the experiment as can be seen in Table 5-13. 
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Table 5-13 Overall heat transfer coefficient for 50mm insulated pipe using different correlations 

Pipe 
OD 

(mm) 

Wind  
Velocity 
um(m/s) 

Internal  
Temp 
t (°C) 

Ambient 
Temp 
t (°C) 

Reynolds  
Number 

Nusselt 
Number  
(NuD) 

Convective 
Heat 

Transfer 
coefficient, 

 h (W/m2 .K) 

Overall Heat 
Transfer 

coefficient,  
U1 (W/m2 .K) 

Original Hilpert Correlation 

50 
5 -15 -20 40556.41 109.73 34.96 3.95 
10 -15 -20 77503.72 184.82 58.88 4.07 
15 -15 -20 107844.57 241.13 76.82 4.11 

Updated Hilpert Constants 

50 
5 -15 -20 40556.41 123.96 39.49 3.98 
10 -15 -20 77503.72 208.79 66.51 4.09 
15 -15 -20 107844.57 272.40 86.78 4.13 

Fand & Keswani Constants 

50 
5 -15 -20 40556.41 304.21 96.91 4.14 
10 -15 -20 77503.72 544.19 173.36 4.20 
15 -15 -20 107844.57 732.14 233.24 4.21 

Morgan Constants 

50 
5 -15 -20 40556.41 109.55 34.90 3.95 
10 -15 -20 77503.72 178.00 56.71 4.06 
15 -15 -20 107844.57 232.92 74.20 4.11 

Zukauskas Correlation 

50 
5 -15 -20 40556.41 134.59 42.88 4.00 
10 -15 -20 77503.72 198.50 63.24 4.08 
15 -15 -20 107844.57 242.02 77.10 4.11 

Whitaker Correlation 

50 
5 -15 -20 40556.41 145.03 46.20 4.02 
10 -15 -20 77503.72 209.92 66.87 4.09 
15 -15 -20 107844.57 N/A N/A N/A 

Churchill-Bernstein Correlation 

50 
5 -15 -20 40556.41 121.45 38.69 3.98 
10 -15 -20 77503.72 182.94 58.28 4.07 
15 -15 -20 107844.57 227.85 72.59 4.11 
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5.2.2.2 Insulated pipe with OD=25 mm and insulation thickness t=10mm insulation 

Table 5-14 Overall heat transfer coefficient for 25 mm insulated pipe using different correlations Plot of 
overall heat transfer coefficient of 25 mm insulated pipe for each correlation versus different wind 
velocity is shown in Figure 5-19. 

 
Figure 5-19 Overall Heat Transfer coefficient for 25 mm insulated pipe using different correlations 

 
The theoretical calculation for diameter 25 mm insulated pipe was performed and the output  is shown 
in Figure 5-19 and it demonstrates the overall heat transfer coefficients for the insulated diameter 25 mm 
pipe is in the range of  5.05 – 5.20 W/m2. K  except for (Fand and Keswani, 1973) values which  is within 
2.0 % of other correlation. But, doesn’t show similar uniform trend compared to other correlations and 
will not be considered for further study. The average value of overall heat transfer coefficient increases 
as the wind velocity is raised while the ambient conditions remains the same. But, the change is not 
substantial from 10 m/s to 15 m/s. But, similar to diameter 50 mm insulated pipe as the convective heat 
transfer has reached peak value. The overall heat transfer coefficient values are higher because of the 
lower surface area in the case of diameter 25 mm pipe. From equation (2.16), it can be seen that the 
overall heat transfer coefficient is inversely proportional to the surface area of the pipe. The overall heat 
transfer coefficient for diameter 25 mm pipe varies 1.0- 1.5 % for different correlations at lower velocity 
and almost converges at higher velocities of 15 m/s. as evident from the plot and Table 5-14 (Kutz, 2015) 
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Table 5-14 Overall heat transfer coefficient for 25 mm insulated pipe using different correlations 

Pipe 
OD 

(mm) 

Wind  
Velocity 
um(m/s) 

Internal  
Temp 
t (°C) 

Ambient 
Temp 
t (°C) 

Reynolds  
Number 

Nusselt 
Number  
(NuD) 

Convective 
Heat 

Transfer 
coefficient, 

 h (W/m2 .K) 

Overall Heat 
Transfer 

coefficient,  
U1 (W/m2 .K) 

Original Hilpert Correlation 

25 
5 -15 -20 26071.98 83.60 41.43 5.04 
10 -15 -20 49823.82 129.50 64.18 5.15 
15 -15 -20 69328.65 168.96 83.73 5.19 

Updated Hilpert Constants 

25 
5 -15 -20 26071.98 92.73 45.95 5.07 
10 -15 -20 49823.82 146.30 72.50 5.17 
15 -15 -20 69328.65 190.87 94.59 5.21 

Fand & Keswani Constants 

25 
5 -15 -20 26071.98 81.08 40.18 5.03 
10 -15 -20 49823.82 365.97 181.36 5.27 
15 -15 -20 69328.65 492.36 243.99 5.29 

Morgan Constants 

25 
5 -15 -20 26071.98 82.82 41.04 5.04 
10 -15 -20 49823.82 124.79 61.84 5.14 
15 -15 -20 69328.65 162.56 80.56 5.19 

Zukauskas Correlation 

25 
5 -15 -20 26071.98 103.24 51.16 5.10 
10 -15 -20 49823.82 152.27 75.46 5.17 
15 -15 -20 69328.65 185.66 92.00 5.20 

Whitaker Correlation 

25 
5 -15 -20 26071.98 112.87 55.93 5.12 
10 -15 -20 49823.82 163.06 80.81 5.19 
15 -15 -20 69328.65 196.93 97.59 5.21 

Churchill-Bernstein Correlation 

25 
5 -15 -20 26071.98 93.11 46.14 5.07 
10 -15 -20 49823.82 137.95 68.36 5.16 
15 -15 -20 69328.65 170.17 84.33 5.19 
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5.2.3 Case 3: Heat Transfer co-efficient for deck element / flat plate (forced flow scenario) 

The theoretical heat transfer coefficient was calculated using Microsoft excel program. Plot of overall 
heat transfer coefficient for deck element versus wind velocity at different ambient temperatures is 
shown in Figure 5-20. Overall heat transfer coefficient, surface temperature readings and power 
consumption for deck element at different ambient conditions are tabulated in  Table 5-15,  
Table5-16, Table 5-17 and Table 5-18. 

 
Figure 5-20 Overall Heat Transfer coefficient for the deck element 

 
 

The average overall heat transfer coefficient for the deck element with epoxy coating is 6.5 W/m2. K for 
0 m/s wind velocity at different temperatures and increases considerably as the wind velocity and 
ambient temperature is increased. The overall transfer coefficient of the deck element calculated at             
-15 °C, -20 °C , -30 °C and -35° C show similar trend upon increase in the wind velocity. The increase 
in the overall heat transfer coefficient from 0 m/s to 15 m/s is linear as seen in the Figure 5-20. In 
addition, it can be seen from  Table 5-15, Table 5-16, Table 5-17 and Table 5-18 that the power 
consumption increases with the reduction in ambient temperature and increase in wind velocity as the 
deck element tries to use maximum capacity to heat up the deck element. It can be observed that the 
effect of the ambient temperature is not very significant on the heat transfer coefficient because of the 
delta temperature between the surface and the ambient condition being constant for similar wind speeds 
which governs the overall heat transfer coefficient value. 
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 Table 5-15 Heat Transfer Coefficient and Theoretical Power at -15°C 

FLAT PLATE 

Wind  
Speed 
(m/s) 

Set  
Temp 
(°C) 

Ambient  
Temp 
(°C) 

Surface 
 Temp 
(°C) 

Reynolds 
Number 

Heat 
laminar 

flow 
(W) 

Heat 
turbulent 

flow 
(W) 

 
Power  

(W) 

Overall Heat 
Transfer 

Coefficient 
U (W/m2K) 

0 -15 -13.81 19.97 0.00 0.00 0.00 521.66 6.05 

5 -15 -13.86 3.70 608477.20 160.53 63.30 671.33 14.98 

10 -15 -13.48 -1.23 1217915.66 81.01 296.25 755.06 24.16 

15 -15 -13.01 -3.17 1694700.32 55.17 410.69 812.96 32.36 

 
Table 5-16 Heat Transfer Coefficient and Theoretical Power  at -20°C 

FLAT PLATE 

Wind  
Speed 
(m/s) 

Set  
Temp 
(°C) 

Ambient  
Temp 
(°C) 

Surface 
 Temp 
(°C) 

Reynolds 
Number 

Heat 
laminar 

flow 
W) 

Heat 
turbulent 

flow 
(W) 

 
Power  

(W) 

Overall Heat 
Transfer 

Coefficient 
U (W/m2K) 

0 -20 -18.90 21.27 0.00 0.00 0.00 715.80 6.98 

5 -20 -19.18 -2.03 637314.98 156.79 61.82 641.98 14.67 

10 -20 -18.98 -7.20 1217915.66 77.90 284.89 717.20 23.86 

15 -20 -18.86 -9.67 1694700.32 51.52 383.56 751.84 32.06 

 
Table 5-17 Heat Transfer Coefficient and Theoretical Power  at -30°C 

FLAT PLATE 

Wind  
Speed 
(m/s) 

Set  
Temp 
(°C) 

Ambient  
Temp 
(°C) 

Surface 
 Temp 
(°C) 

Reynolds 
Number 

Heat 
laminar 

flow 
(W) 

Heat 
turbulent 

flow 
(W) 

 
Power  

(W) 

Overall Heat 
Transfer 

Coefficient 
U (W/m2K) 

0 -30 -29.24 9.50 0.00 0.00 0.00 634.96 6.42 

5 -30 -27.82 -12.90 637314.98 136.40 53.78 540.94 14.21 

10 -30 -27.86 -18.40 1217915.66 62.56 228.78 559.50 23.18 

15 -30 -29.63 -22.37 1694700.32 40.70 303.00 610.05 32.91 
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Table 5-18 Heat Transfer Coefficient and Theoretical Power  at -35°C 

FLAT PLATE 

Wind  
Speed 
(m/s) 

Set  
Temp 
(°C) 

Ambient  
Temp 
(°C) 

Surface 
 Temp 
(°C) 

Reynolds 
Number 

Heat 
laminar flow 

(W) 

Heat 
turbulent 

flow 
(W) 

 
Power  

(W) 

Overall Heat 
Transfer 

Coefficient 
U (W/m2K) 

0 -35 -27.77 4.47 0.00 0.00 0.00 520.29 6.32 

5 -35 -27.33 -12.60 637314.98 134.66 53.10 534.76 14.23 

10 -35 -30.55 -23.55 1217915.66 46.29 168.29 413.09 23.12 

15 -35 -26.90 -22.35 1694700.32 25.51 189.90 366.46 31.59 

 

5.3 Time to freeze tables for different OD pipes with varying insulation thickness 
 
Time to freeze tables were developed with the help of python code which is presented in Appendix A. 
The tables were generated for diameter 25 mm and diameter 50 mm pipes having similar wall thickness 
with insulation thickness of 0 mm, 10 mm and 25 mm at 0, 5, 10 and 15 m/s wind speed to show the 
effect of insulation and wind speed on the freezing time of water inside the pipe. The code can be used 
to generate values for any combination. But, cases which are applicable in this thesis are presented in 
Table 5-19, Table 5-20, Table 5-21, Table 5-22, Table 5-23, and Table 5-24  to show the comparison. It 
can be clearly observed that the time to freeze for water inside diameter 25 mm and diameter 50 mm 
pipes having no insulation is significantly lower than that compared with the insulated pipes. (ASHRAE, 
2010) 

In the case of diameter 25 mm pipe subjected to 0 m/s wind condition, the time to freeze increases by  
27 % with 10 mm thick insulation and to 52 % with 25 mm thick insulation. In general, the values given 
by correlations are comparable and show closeness among themselves with minimal deviation. The time 
to freeze reduces by 2000 % with the introduction of 5 m/s wind speed. Variation in time to freeze from    
5 m/s to 15 m/s is 62 % for uninsulated pipe. But, the same variation drops to less than 1 % with 10 mm 
and 25 mm thick insulation. 

Furthermore, for diameter 50 mm pipe, the time to freeze values are much higher because of larger 
volume per unit length inside the pipe compared to 25 mm pipe. The other values for diameter 50 mm 
pipe compare well in general with diameter 25mm pipe with similar percentage of increase or decrease 
in time to freeze. Lower thermal conductivity of the insulation helps considerably in minimizing the heat 
loss from the piping system. Among all the correlation Churchill-Bernstein is closest to the average value 
and can be used. Whitaker correlation is applicable only for Reynolds number upto100, 000 and that can 
be a drawback when higher velocities are involved as see in Table 5-21, Table 5-23 and Table 5-24 
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Table 5-19 Time to freeze for OD 25 mm uninsulated pipe 

Pipe 
OD 

(mm) 

Insulation 
Thickness 

(mm) 

Wind  
Velocity 
um(m/s) 

Internal  
Temp 
t (°C) 

Ambient 
Temp 
t (°C) 

Overall Heat 
Transfer 

coefficient,  
U1 (W/m2 .K) 

Time To 
Freeze 

 TTF (Hours) 

Original Hilpert Correlation 

25 0 

0 15 -20 2.56 13.79 
5 15 -20 61.62 0.68 
10 15 -20 91.86 0.49 
15 15 -20 112.60 0.42 

Updated Hilpert Constants 

25 0 

0 15 -20 2.84 12.44 
5 15 -20 68.33 0.62 
10 15 -20 101.86 0.45 
15 15 -20 124.84 0.39 

Fand & Keswani Constants 

25 0 

0 15 -20 2.47 14.29 
5 15 -20 59.45 0.70 
10 15 -20 89.15 0.50 
15 15 -20 109.60 0.43 

Morgan Constants 

25 0 

0 15 -20 2.47 14.29 
5 15 -20 60.51 0.69 
10 15 -20 91.09 0.49 
15 15 -20 112.21 0.42 

Zukauskas Correlation 

25 0 

0 15 -20 2.43 14.52 
5 15 -20 76.87 0.56 
10 15 -20 113.26 0.42 
15 15 -20 137.98 0.36 

Whitaker Correlation 

25 0 

0 15 -20 2.52 14.02 
5 15 -20 85.82 0.52 
10 15 -20 123.52 0.39 
15 15 -20 148.87 0.34 

Churchill-Bernstein Correlation 

25 0 

0 15 -20 2.75 12.86 
5 15 -20 70.28 0.61 
10 15 -20 102.12 0.45 
15 15 -20 124.49 0.39 
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Table 5-20 Time to freeze for OD 25mm pipe with 10 mm thick insulation 

Pipe 
OD 

(mm) 

Insulation 
Thickness 

(mm) 

Wind  
Velocity 
um(m/s) 

Internal  
Temp 
t (°C) 

Ambient 
Temp 
t (°C) 

Overall Heat 
Transfer 

coefficient,  
U1 (W/m2 .K) 

Time To 
Freeze 

 TTF (Hours) 

Original Hilpert Correlation 

25 10 

0 15 -20 2.01 17.60 
5 15 -20 5.04 7.05 
10 15 -20 5.15 6.91 
15 15 -20 5.19 6.85 

Updated Hilpert Constants 

25 10 

0 15 -20 2.14 16.51 
5 15 -20 5.07 7.01 
10 15 -20 5.17 6.88 
15 15 -20 5.21 6.83 

Fand & Keswani Constants 

25 10 

0 15 -20 1.96 17.97 
5 15 -20 5.03 7.06 
10 15 -20 5.27 6.74 
15 15 -20 5.29 6.72 

Morgan Constants 

25 10 

0 15 -20 1.97 17.89 
5 15 -20 5.04 7.05 
10 15 -20 5.14 6.92 
15 15 -20 5.19 6.86 

Zukauskas Correlation 

25 10 

0 15 -20 1.95 18.08 
5 15 -20 5.10 6.97 
10 15 -20 5.17 6.87 
15 15 -20 5.20 6.83 

Whitaker Correlation 

25 10 

0 15 -20 2.09 16.88 
5 15 -20 5.12 6.94 
10 15 -20 5.19 6.85 
15 15 -20 5.21 6.82 

Churchill-Bernstein Correlation 

25 10 

0 15 -20 2.14 16.47 
5 15 -20 5.07 7.01 
10 15 -20 5.16 6.89 
15 15 -20 5.19 6.85 
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Table 5-21 Time to freeze for OD 25mm pipe with 25mm thick insulation 

Pipe 
OD 

(mm) 

Insulation 
Thickness 

(mm) 

Wind  
Velocity 
um(m/s) 

Internal  
Temp 
t (°C) 

Ambient 
Temp 
t (°C) 

Overall Heat 
Transfer 

coefficient,  
U (W/m2 .K) 

Time To 
Freeze 

 TTF (Hours) 

Original Hilpert Correlation 

25 25 

0 15 -20 1.69 20.93 
5 15 -20 2.80 12.64 
10 15 -20 2.82 12.53 
15 15 -20 2.83 12.49 

Updated Hilpert Constants 

25 25 

0 15 -20 1.76 20.08 
5 15 -20 2.80 12.61 
10 15 -20 2.83 12.51 
15 15 -20 2.83 12.47 

Fand & Keswani Constants 

25 25 

0 15 -20 1.66 21.26 
5 15 -20 2.84 12.46 
10 15 -20 2.85 12.41 
15 15 -20 2.85 12.40 

Morgan Constants 

25 25 

0 15 -20 1.66 21.22 
5 15 -20 2.79 12.65 
10 15 -20 2.82 12.53 
15 15 -20 2.83 12.49 

Zukauskas Correlation 

25 25 

0 15 -20 1.65 21.40 
5 15 -20 2.81 12.59 
10 15 -20 2.82 12.52 
15 15 -20 2.83 12.49 

Whitaker Correlation 

25 25 

0 15 -20 1.75 20.17 
5 15 -20 2.81 12.58 
10 15 -20 2.83 12.51 
15 15 -20 N/A N/A 

Churchill-Bernstein Correlation 

25 25 

0 15 -20 1.75 20.13 
5 15 -20 2.80 12.62 
10 15 -20 2.82 12.53 
15 15 -20 2.83 12.50 
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Table 5-22 Time to freeze for OD 50mm uninsulated pipe 

Pipe 
OD 

(mm) 

Insulation 
Thickness 

(mm) 

Wind  
Velocity 
um(m/s) 

Internal  
Temp 
t (°C) 

Ambient 
Temp 
t (°C) 

Overall Heat 
Transfer 

coefficient,  
U(W/m2 .K) 

Time To 
Freeze 

 TTF (Hours) 

Original Hilpert Correlation 

50 0 

0 15 -20 1.43 49.48 
5 15 -20 39.79 2.29 
10 15 -20 62.87 1.64 
15 15 -20 82.03 1.38 

Updated Hilpert Constants 

50 0 

0 15 -20 1.73 44.62 
5 15 -20 47.90 2.12 
10 15 -20 77.01 1.52 
15 15 -20 100.40 1.29 

Fand & Keswani Constants 

50 0 

0 15 -20 1.50 51.36 
5 15 -20 41.93 2.35 
10 15 -20 193.82 0.92 
15 15 -20 260.21 0.82 

Morgan Constants 

50 0 

0 15 -20 1.50 51.20 
5 15 -20 42.86 2.31 
10 15 -20 65.48 1.69 
15 15 -20 85.63 1.42 

Zukauskas Correlation 

50 0 

0 15 -20 1.45 52.83 
5 15 -20 53.23 1.96 
10 15 -20 78.44 1.50 
15 15 -20 95.59 1.33 

Whitaker Correlation 

50 0 

0 15 -20 1.66 46.35 
5 15 -20 57.97 1.85 
10 15 -20 83.72 1.44 
15 15 -20 101.08 1.28 

Churchill-Bernstein Correlation 

50 0 

0 15 -20 1.72 44.87 
5 15 -20 47.97 2.12 
10 15 -20 71.29 1.60 
15 15 -20 88.09 1.40 
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Table 5-23 Time to freeze for OD 50mm pipe with 10mm thick insulation 

Pipe 
OD 

(mm) 

Insulation 
Thickness 

(mm) 

Wind  
Velocity 
um(m/s) 

Internal  
Temp 
t (°C) 

Ambient 
Temp 
t (°C) 

Overall Heat 
Transfer 

coefficient,  
U (W/m2 .K) 

Time To 
Freeze 

 TTF (Hours) 

Original Hilpert Correlation 

50 10 

0 15 -20 1.27 60.19 
5 15 -20 3.95 19.85 
10 15 -20 4.07 19.27 
15 15 -20 4.11 19.07 

Updated Hilpert Constants 

50 10 

0 15 -20 1.37 56.03 
5 15 -20 3.98 19.69 
10 15 -20 4.09 19.17 
15 15 -20 4.13 19.00 

Fand & Keswani Constants 

50 10 

0 15 -20 1.24 61.78 
5 15 -20 4.14 18.94 
10 15 -20 4.20 18.71 
15 15 -20 4.21 18.63 

Morgan Constants 

50 10 

0 15 -20 1.24 61.58 
5 15 -20 3.95 19.85 
10 15 -20 4.06 19.30 
15 15 -20 4.11 19.09 

Zukauskas Correlation 

50 10 

0 15 -20 1.23 62.54 
5 15 -20 4.00 19.59 
10 15 -20 4.08 19.21 
15 15 -20 4.11 19.07 

Whitaker Correlation 

50 10 

0 15 -20 1.35 56.66 
5 15 -20 4.02 19.50 
10 15 -20 4.09 19.17 
15 15 -20 N/A N/A 

Churchill-Bernstein Correlation 

50 10 

0 15 -20 1.36 56.28 
5 15 -20 3.98 19.71 
10 15 -20 4.07 19.28 
15 15 -20 4.11 19.11 
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Table 5-24 Time to freeze for OD 50mm pipe with 25mm thick insulation 

Pipe 
OD 

(mm) 

Insulation 
Thickness 

(mm) 

Wind  
Velocity 
um(m/s) 

Internal  
Temp 
t (°C) 

Ambient 
Temp 
t (°C) 

Overall Heat 
Transfer 

coefficient,  
U (W/m2 .K) 

Time To Freeze 
 TTF (Hours) 

Original Hilpert Correlation 

50 25 

0 15 -20 1.05 72.67 
5 15 -20 2.01 38.37 
10 15 -20 2.03 37.94 
15 15 -20 2.04 37.79 

Updated Hilpert Constants 

50 25 

0 15 -20 1.11 69.14 
5 15 -20 2.02 38.25 
10 15 -20 2.04 37.86 
15 15 -20 2.05 37.73 

Fand & Keswani Constants 

50 25 

0 15 -20 1.03 74.00 
5 15 -20 2.05 37.67 
10 15 -20 2.06 37.51 
15 15 -20 2.06 37.46 

Morgan Constants 

50 25 

0 15 -20 1.04 73.79 
5 15 -20 2.01 38.41 
10 15 -20 2.03 37.96 
15 15 -20 2.04 37.80 

Zukauskas Correlation 

50 25 

0 15 -20 1.03 74.21 
5 15 -20 2.02 38.24 
10 15 -20 2.03 37.94 
15 15 -20 2.04 37.82 

Whitaker Correlation 

50 25 

0 15 -20 1.11 68.91 
5 15 -20 2.02 38.18 
10 15 -20 N/A N/A 
15 15 -20 N/A N/A 

Churchill-Bernstein Correlation 

50 25 

0 15 -20 1.10 69.32 
5 15 -20 2.01 38.33 
10 15 -20 2.03 37.98 
15 15 -20 2.04 37.84 
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5.4 Comparison 
In order to elaborate the findings of the results better, comparison between the theoretical and 
experimental analysis for pipes and deck element are shown in the following pages. The plots are taken 
from experimental and theoretical readings which were presented earlier.  

5.4.1 Comparison of overall heat transfer coefficients for uninsulated and insulated pipes 

Plot showing the comparison between the overall heat transfer coefficients for diameter 50 mm 
uninsulated pipe versus diameter 50 mm insulated pipes is presented in Figure 5-21.  
 

 
Figure 5-21 Overall Heat Transfer coefficient for a single uninsulated pipe v/s insulated pipe. 

 

This plot is a combination of earlier results which were explained in detail. The aim here is to compare 
them to see the difference in overall heat transfer coefficients. As observed, the values of uninsulated 
pipe is extremely high compared to the insulated pipe. The values for uninsulated pipe is in the range of 
17-169 W/m2. K for 0 – 15 m/s wind speed condition. Whereas, for insulated pipe the value ranges from 
3.4 – 4 W/m2. K for 0-15 m/s wind speed condition. The effect of insulation and their role in decreasing 
the heat loss because of low thermal conductivity is conclusive from these values. The decrease in overall 
heat transfer coefficient by 400- 4000 % is substantial. These numbers are very significant as they are 
indicative of the amount of energy that is transferred by not using proper insulation in piping system 
when transporting fluids from one place to another.  
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5.4.2 Comparison of theoretical and experimental findings for 50 mm uninsulated pipe. 

Plot showing the comparison between the overall heat transfer coefficients obtained from theoretical and 
experimental method for 50 mm uninsulated pipe is shown in Figure 5-22.  
 

 
Figure 5-22 Comparison between experimental and theoretical analysis of 50mm uninsulated pipe 

 
The above plot is obtained by including values from experimental and theoretical calculations. This will 
help in finding the best method for use by the industry in describing the heat transfer from uninsulated 
pipes.  As explained earlier, all the theoretical correlations show agreement and compare well except for   
(Fand and Keswani, 1973). The deviation between results from experimental and conventional method 
are in the range of 72-88 %. It has to be noted that this experiment for uninsulated pipe was not one of 
the stable experiments considering the temperature readings from the bare pipe were influenced by the 
wind effect and the attached sensors may not be showing the actual surface temperature of the pipe unlike 
insulated pipe surface. Although, the values from experimental and theoretical calculation show huge 
difference, it can be clearly seen that the trend is the same and the error could have been due the 
temperature readings getting influenced. Most of the correlations give good estimation of the heat 
transfer coefficient values. But, considering the governing factors of ease of use, range of validity and 
accuracy,  some of them can be avoided like  (Whitaker, 1972) and  (Fand and Keswani, 1973) because 
of range of validity (Reynolds number up to 100,000) and accuracy. (Morgan, 1975) can also be avoided 
because of range of validity as it is applicable only up to Reynolds number 200,000. (Žukauskas, 1972) 
and Churchill-Bernstein are recommended because of their wide range, accuracy and minimal deviation 
from the experimental values. Another advantage with Churchill-Bernstein is that it is a comprehensive 
equation and doesn’t require look up tables unlike (Hilpert, 1933) and (Žukauskas, 1972) 
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5.4.3 Comparison of theoretical and experimental findings for 50 mm insulated pipe. 

Plot showing the comparison between the overall heat transfer coefficients obtained from theoretical and 
experimental method for 50 mm insulated pipe with 10 mm thick insulation is shown in Figure 5-23. 
 

 
Figure 5-23 Comparison between experimental and theoretical analysis of 50mm insulated pipe 

 
In order to suggest the best method to use in the industry to perform heat transfer calculation for insulated 
pipe, we need to study this plot carefully. It can be noted that all the heat transfer coefficient calculated 
using different correlations except for  (Fand and Keswani, 1973) show deviation in the range of just  
0.5 -2.82 % which is negligible. It is evident that this experiment for insulated pipe was one of the most 
stable experiments considering the pipe surface temperature readings were not influenced by the wind 
effect because of the presence of insulation. Although, the values from experimental and theoretical 
calculation show close proximity, some of the correlations can be omitted based on the governing factors 
suggested in the criteria like range of validity, ease of use and accuracy. Most of the correlations gave 
good estimation of the heat transfer coefficient values. (Whitaker, 1972) and  (Fand and Keswani, 1973) 
can be neglected because of similar issue as explained earlier pertaining to range of validity (Reynolds 
number up to 100,000) and accuracy. Similarly, (Morgan, 1975) can also be avoided because of range 
of validity criteria as it is applicable only up to Reynolds number 200,000. (Žukauskas, 1972) and 
Churchill-Bernstein are recommended because of their wide range, accuracy and minimal deviation from 
the experimental values. One of the major advantage with Churchill-Bernstein is that it is a 
comprehensive equation and doesn’t require look up tables for constants based  on Prandtl numbers and 
Reynolds number  unlike (Hilpert, 1933) and (Žukauskas, 1972) 
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5.4.4 Comparison between theoretical and experimental findings for 25 mm insulated pipe. 

Plot showing the comparison between the overall heat transfer coefficients obtained from theoretical and 
experimental method for 25 mm insulated pipe with 10 mm thick insulation is shown in Figure 5-24 
 

 
Figure 5-24 Comparison between experimental and theoretical analysis of 25mm insulated pipe 

 
It is observed  that all the heat transfer coefficient calculated using different correlations for OD 25 mm 
pipe except for  (Fand and Keswani, 1973) show deviation in the range of  12-14 % compared to 
experimental values. The experiments were performed in stable condition as can be noted from the trend 
followed by the experimental plot. Although, the values from experimental and theoretical calculation 
show slight deviation, it can be neglected as the difference is significant. Like in the case of OD 50 mm 
insulated pipe some of the correlations can be omitted based on the governing factors suggested in the 
criteria like range of validity, ease of use and accuracy. (Whitaker, 1972) and  (Fand and Keswani, 1973) 
can be neglected due to its range of validity (Reynolds number up to 100,000) and accuracy issue 
respectively. (Morgan, 1975) is applicable only up to Reynolds number 200,000 and can be avoided 
even though the deviations in the overall heat transfer coefficients were found to be comparable. . 
(Žukauskas, 1972) and Churchill-Bernstein are recommended because of fulfilling the criteria like wide 
range, accuracy and least deviation from the experimental values. Churchill-Bernstein is more preferred 
because it is a comprehensive equation and doesn’t require look up tables for constants based  on Prandtl 
numbers and Reynolds number  unlike (Hilpert, 1933) and (Žukauskas, 1972) 
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5.4.5 Comparison between theoretical and experimental findings for deck element 

Table 5-25 shows the difference between the theoretical and the experimental power requirement for 
deck element. It also shows the increased power consumption when the wind velocity increases from     
0 m/s to higher values in order to maintain the temperature of the deck element. Plot showing the 
comparison between the overall heat transfer coefficients obtained from theoretical and experimental 
analysis of the deck element is shown in Figure 5-25  

Table 5-25 Comparison of experimental and theoretical power requirement for deck element 

FLAT PLATE 

Set  
Temp 
(°C) 

Wind  
Speed 
(m/s) 

Surface 
 Temp 
(°C) 

Consumed 
Power 

(W) 

Increased 
Power  

(W) 

 
Power 

(Theory) 
(W) 

 
Calculated 
Required 

Power 
(W) 

 
Delta  
Power 

(W) 

-15 

0 19.97 936 0 522 0 0 
5 3.70 1076 140 671 224 84 
10 -1.23 1123 187 755 377 190 
15 -3.17 1152 216 813 466 250 

-20 

0 21.27 947 0 716 0 0 
5 -2.03 1175 228 642 219 -9 
10 -7.20 1232 285 717 363 78 
15 -9.67 1264 316 752 435 119 

-30 

0 9.50 1071 0 635 0 0 
5 -12.90 1231 160 541 190 30 
10 -18.40 1321 249 559 291 42 
15 -22.37 1362 291 610 344 53 

-35 

0 4.47 1124 0 520 0 0 
5 -12.60 1292 168 535 188 20 
10 -23.55 1399 275 413 215 -61 
15 -22.35 1409 285 366 215 -70 

 

The consumed power is the value displayed on the control interface during the experiment. This is the 
power which is consumed by the deck element during the experiment in order to heat up the deck element 
and the increased power shows the excess power requirement when the speed of the wind is increased 
from 0 m/s. The heat transfer from the deck element takes place through different modes (refer to sample 
theoretical calculation shown in section 4.2.3). It can be observed that the delta power which is the 
summation of the laminar convective heat transfer and turbulent convective heat transfer from the top 
surface of the deck element is comparable to the increase in power consumption of the deck element to 
compensate for the wind effect. The values are not consistent throughout the experiment which can be 
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attributed to the fact that the in some experiments of the deck element, fully stabilized condition were 
not attained and the tests might have been stopped prior to attainment of the equilibrium condition as 
there was no means to log the temperature readings continuously compared to pipe testing. The heating 
coils were embedded inside the deck surface and the temperature readings were monitored using the 
infrared camera which gives the surface temperature and not the temperature gradient of the deck surface. 
It is important to attain steady state for application of the relevant theoretical methods. The difference 
between the actual power consumed and theoretical power is very high and not fully comparable. 

 

 
 

Figure 5-25 Comparison between experimental and theoretical analysis of deck element 

 
From the plot in Figure 5-25, it can be noted that for ambient condition of -15° C and -20° C, and to an 
extend -30° C shows similar trend for overall heat transfer coefficient as suggested by the theoretical 
method. Though, values for -30° C are higher at increased velocity. The overall heat transfer coefficient 
for the deck element with epoxy coating is high. The only exception is -35° C ambient condition which 
can be because of erroneous ambient temperature reading at the time of the experiment as explained in 
earlier section. The deck elements are not self-regulating and the governing factor for the increased 
power supply is the temperature of the cable. Neglecting the last value for -35°C ambient condition, it is 
observed that the increase in the overall heat transfer coefficient is 30 -90% for 0 m/s wind condition 
and  17- 87 % for 15 m/s wind condition (excluding  -35° C condition) when comparing the theoretical 
and the experimental values.
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6 Conclusions  

Extensive review of the available literature on heat transfer from horizontal pipes and flat plates under 
cross flow wind showed the availability of different heat transfer correlations which have wide range of 
validity. This thesis, while comparing experimental findings and theoretical calculations, shows that 
proper selection of heat transfer correlation is extremely critical. Usage of an improper correlation can 
give erroneous results up to 100% and thus, proper guidance is essential for designers and engineers 
performing calculations for heat loss from horizontal pipes which are subjected to cross-flow wind. For 
deck elements, there is only one correlation available for performing the heat transfer calculations unlike 
for horizontal pipes.  

The test methodology developed for testing the heat transfer from the pipes and a heated deck element 
gave reasonably good results conforming to theoretical calculation for the selected correlation. So, it is 
recommended for industrial usage to conduct the experiments to validate the findings. The test apparatus 
designed for determination of the heat transfer coefficient was portable and sturdy; it was capable of 
accommodating multiple pipes of varying diameters thus providing a wide range of applicability and 
worked on the principle of energy balance upon reaching equilibrium condition.  

The experiments performed using cross flow wind of 5 m/s, 10 m/s and 15 m/s blowing over multiple 
pipe configurations of diameter 25 mm and 50 mm insulated and uninsulated steel pipes yielded mostly 
consistent results. Heat transfer correlations such as those suggested by Hilpert, Fand and Keswani, 
Morgan, Žukauskas, Whitaker and Churchill-Bernstein were used to determine the heat transfer 
coefficients for horizontal pipes subjected to cross flow wind and the results were compared with the 
experimental values. The comparison showed that the values of the heat transfer coefficients for the 
insulated pipes had minimal deviation; i.e. in the range of  0.5 - 2.82 % in the case of diameter 50 mm 
insulated pipe and 12 -14 % in the case of diameter 25 mm insulated pipe. The most significant finding 
was the effect of insulation on the reduction of heat loss. Comparison of diameter 50 mm uninsulated 
and insulated pipes showed that the reduction in heat transfer coefficient is in the range of 400 - 4000 % 
with the usage of 10 mm thick insulation made of elastomeric foam based on synthetic rubber. 

However, in the case of uninsulated pipe and deck element, the heat transfer coefficients values didn’t 
show very close proximity compared to insulated pipe. Comparison of experimental values and 
theoretical calculations yielded results which had deviation in the range 72 - 88 % and 17- 90 % 
respectively. Time to freeze results for diameter 25 mm and diameter 50 mm uninsulated and insulated 
pipes showed increase in time to freeze. The increase was 27 % and 52 % with the usage of 10 mm and 
25 mm insulation, respectively in the case of diameter 25 mm pipe. For diameter 50 mm pipe, the time 
to freeze increased by 22 % and 47 % respectively for similar increase in insulation thickness.  

Based on the governing criteria such as ease of use, range of validity, accuracy and the experimental 
findings, the Churchill-Bernstein correlation was suggested as the best method for use by the industry. 
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APPENDIX 
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Appendix A -Python code for heat transfer coefficient and time to freeze 
calculations 
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Appendix B – Arduino Code used for Temperature Measurement 
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Appendix C- Pipe Material Details 

Master Thesis                                                                                                                              Page | 152  

 

 



Validation of heat transfer coefficients in pipes and deck element                                   Jino Peechanatt 

 

 Master Thesis                                                                                                                              Page | 153  

 

 



Validation of heat transfer coefficients in pipes and deck element                                   Jino Peechanatt 

 

Appendix D- Insulation Material Details 
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Appendix E - Heating Element Details 
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Appendix F- Temperature Sensor DS18B20 
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Appendix G -Wind Sensor Details 

  

Master Thesis                                                                                                                              Page | 164  

 

 



Validation of heat transfer coefficients in pipes and deck element                                   Jino Peechanatt 

 

Master Thesis                                                                                                                              Page | 165  

 

 



Validation of heat transfer coefficients in pipes and deck element                                   Jino Peechanatt 

 

Master Thesis                                                                                                                              Page | 166  

 

 



Validation of heat transfer coefficients in pipes and deck element                                   Jino Peechanatt 

 

 

Master Thesis                                                                                                                              Page | 167  

 

 



Validation of heat transfer coefficients in pipes and deck element                                   Jino Peechanatt 

 

 

Master Thesis                                                                                                                              Page | 168  

 

 



 
 

 

 

 


	Abstract
	Preface
	Acknowledgement
	List of Figures
	List of Tables
	Abbreviations
	1 Introduction
	1.1 General
	1.2 Tasks
	1.3 Scope of this Report

	2 Theory
	2.1 Basic Concept
	2.1.1 Conduction
	2.1.2 Convection
	2.1.3 Thermal Radiation
	2.1.4 Thermal resistance
	2.1.5 Distribution of Temperature in a composite cylindrical wall
	2.1.6 Nusselt number
	2.1.7 Prandtl number
	2.1.8 Reynolds number
	2.1.9 Film temperature

	2.2 Heat transfer correlations
	2.2.1 Forced flow over a cylinder in cross-wind
	2.2.1.1 Hilpert correlation
	2.2.1.2 Žukauskas correlation
	2.2.1.3 Whitaker correlation
	2.2.1.4 Churchill-Bernstein correlation
	2.2.1.5 Discussion

	2.2.2 Forced flow over a flat plate

	2.3  Time to freeze
	2.3.1 Biot number
	2.3.2 Plank number
	2.3.3 Stefan number


	3 Experiments
	3.1 Test Apparatus
	3.2 Test Specimen
	3.3 Temperature Measurement
	3.4 Wind Measurement
	3.5 Test Procedure
	3.5.1 Test Procedure for Pipes
	3.5.2 Test Procedure for Deck Elements

	3.6 Test Readings/Schedule
	3.6.1 Test Readings from Experiment 2
	3.6.2 Test Readings from Experiment 3
	3.6.3 Test Readings from Experiment 7
	3.6.4 Test Readings from Experiment 9
	3.6.5 Test Readings from Experiment 10
	3.6.6 Test Readings from Experiment 12


	4 Calculations
	4.1  Experimental Method.
	4.1.1 Case 1: Heat Transfer co-efficient calculation for uninsulated pipe
	4.1.2 Case 2: Heat Transfer co-efficient calculation for insulated pipe
	4.1.3 Case 3: Heat Transfer co-efficient calculation for deck element (flat plate)

	4.2 Theoretical Method
	4.2.1 Case 1: Wind blowing over uninsulated pipe (forced flow scenario)
	4.2.1.1 Hilpert correlation
	Original Hilpert constants

	4.2.1.2 Updated Hilpert constants
	4.2.1.3 Fand and Keswani Reviewed Constants
	4.2.1.4 Morgan Reviewed Constants
	4.2.1.5 Žukauskas correlation
	4.2.1.6 Whitaker correlation
	4.2.1.7 Churchill-Bernstein correlation

	4.2.2 Case 2: Wind blowing over multiple insulated pipes (forced flow scenario)
	4.2.2.1 Hilpert correlation
	4.2.2.2 Original Hilpert constants
	4.2.2.3 Updated Hilpert constants
	4.2.2.4 Fand and Keswani Reviewed Constants
	4.2.2.5 Morgan Reviewed Constants
	4.2.2.6 Žukauskas correlation
	4.2.2.7 Whitaker correlation
	4.2.2.8 Churchill-Bernstein correlation

	4.2.3 Case 3: Wind blowing over deck element / flat plate (forced flow scenario)


	5 Results and Discussion
	5.1 Results from Experimental Method
	5.1.1 Case 1: Heat Transfer co-efficient for uninsulated pipe.
	5.1.2 Case 2: Heat Transfer co-efficient for insulated pipes.
	5.1.2.1 Experiment No: 2
	5.1.2.2 Experiment No: 3
	5.1.2.3 Experiment No: 7
	5.1.2.4 Experiment No: 9
	5.1.2.5 Experiment No: 10

	5.1.3 Case 3: Heat Transfer co-efficient for deck element (flat plate)
	5.1.3.1 Experiment 12


	5.2 Results from Theoretical Method
	5.2.1 Case 1: Heat Transfer co-efficient for uninsulated pipe (forced flow scenario)
	5.2.1.1 Uninsulated pipe with OD=50 mm (insulation thickness t=0mm)
	5.2.1.2 Uninsulated pipe with OD=25 mm (insulation thickness t=0mm)

	5.2.2 Case 2: Heat Transfer co-efficient for insulated pipe (forced flow scenario)
	5.2.2.1 Insulated pipe with OD=50 mm and insulation thickness t=10mm insulation
	5.2.2.2 Insulated pipe with OD=25 mm and insulation thickness t=10mm insulation

	5.2.3 Case 3: Heat Transfer co-efficient for deck element / flat plate (forced flow scenario)

	5.3 Time to freeze tables for different OD pipes with varying insulation thickness
	5.4 Comparison
	5.4.1 Comparison of overall heat transfer coefficients for uninsulated and insulated pipes
	5.4.2 Comparison of theoretical and experimental findings for 50 mm uninsulated pipe.
	5.4.3 Comparison of theoretical and experimental findings for 50 mm insulated pipe.
	5.4.4 Comparison between theoretical and experimental findings for 25 mm insulated pipe.
	5.4.5 Comparison between theoretical and experimental findings for deck element


	6 Conclusions
	7 Bibliography
	APPENDIX
	Appendix A -Python code for heat transfer coefficient and time to freeze calculations
	Appendix B – Arduino Code used for Temperature Measurement
	Appendix C- Pipe Material Details
	Appendix D- Insulation Material Details
	Appendix E - Heating Element Details
	Appendix F- Temperature Sensor DS18B20
	Appendix G -Wind Sensor Details

