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Thermodynamics and Heat Transfer 
23CVB116 

 
 
        
Semester 2 2024                                                                                         In-Person Exam Paper  
 
This examination is to take place in-person at a central University venue under exam conditions. 
The standard length of time for this paper is 3 hours. 
 
You will not be able to leave the exam hall for the first 30 or final 15 minutes of your exam. Your 
invigilator will collect your exam paper when you have finished. 
 

 

Help during the exam 
 

Invigilators are not able to answer queries about the content of your exam paper. Instead, 
please make a note of your query in your answer script to be considered during the  

marking process. 
 

If you feel unwell, please raise your hand so that an invigilator can assist you. 
 

 
 
You may use a calculator for this exam. It must comply with the University’s Calculator Policy 
for In-Person exams, in particular that it must not be able to transmit or receive information (e.g. 
mobile devices and smart watches are not allowed).  
 
Answer TWO QUESTIONS in SECTION A. 
Answer TWO QUESTIONS in SECTION B. 
 
All questions carry equal marks. 
 
An 18-page formulae sheet, with tables and charts, is provided at the end of this paper. 
 
 
 

 
 
 
 
 
 
 
 
 

Continues/… 
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…/continued 
 
 

SECTION A 
(Answer TWO QUESTIONS in SECTION A) 

 
 
Q1. a) Describe the following terms with respect to heat transfer: 
  

i) Isothermal.  
[1 mark] 

ii) Adiabatic.  
[1 mark] 

 
b) Explain briefly what is meant by one-dimensional steady state heat transfer? 

[2 marks] 
 
c) The steady state heat flux through a 100 mm thick concrete wall is 225 W/m2 when 

the inner and outer surface temperatures are 20°C and 10°C, respectively. Assuming 
one-dimensional heat transfer, what is the thermal conductivity of the concrete? 

[3 marks] 
 

d) The wall in Q1.c) is improved by adding 50mm of insulation with a thermal 
conductivity of 0.04 W/mK. What is the steady state heat flux when the inner and 
outer surface temperatures of the composite wall are 20°C and 10°C, respectively?  

[5 marks] 
 
e) Explain the difference between forced and free (or natural) convection using 

examples of each that are related to buildings.  
[2 mark] 

 
f) For an isothermal flat plate, the heat transfer coefficient for the entire plate when the 

flow is laminar over the entire plate, is given by: 
 

 
𝑁𝑁𝑁𝑁 = 0.664𝑅𝑅𝑅𝑅1 2⁄ 𝑃𝑃𝑃𝑃1 3⁄  

 
 
  Air at 30°C and atmospheric pressure flows over 1 m wide x 2 m long flat plate at 3 

m/s. The plate is maintained at a uniform temperature of 10°C. Show that the flow is 
laminar (Re < 5x105) and calculate the total rate of heat transfer. Note: the 
characteristic length is the length of the plate; the properties of air can be found in the 
lookup table in the formulae sheet. 

[11 marks] 
 

 
 
 
 
 

Continues/… 
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…/continued 
 
 
Q2. a) Explain briefly what a heat exchanger is used for and give an example of a heat 

exchanger in a building.  
[2 marks] 

 
 b) Sketch a graph to show how the inlet and outlet temperatures (y-axis) vary with 

distance (x-axis) for a parallel flow heat exchanger with a hot fluid and a cold fluid. 
[4 marks] 

 
 c) A parallel flow heat exchanger uses water, flowing at 150 kg/hour from 15°C to 40°C, 

to cool an oil flowing at 300 kg/hour and at an initial temperature of 180°C. The 
specific heat of the water is 4180 J/kgK and the specific heat of the oil is 1800 J/kgK. 

 
i) Calculate the rate of heat transfer to determine the outlet temperature of the oil. 

[5 marks] 
 
ii) Using the LMTD method, calculate the heat transfer area required for an overall 

heat transfer coefficient, U = 250 W/m2K.  
[4 marks] 

 
iii) Calculate the number of transfer units (NTU).  

[6 marks] 
 

iv) Calculate the effectiveness of the heat exchanger using a suitable equation 
from the look-up table in the formulae sheet.  

[4 marks] 
 
 
Q3. a) With respect to radiation heat transfer, define absorptivity (α), reflectivity (ρ), and 

transmissivity (τ) and show how they are related. 
[4 marks] 

 
b) Draw a diagram to illustrate irradiation (G) incident on a semi-transparent surface, 

the proportions of that radiation that are absorbed and transmitted, the emissive 
power of the surface (E) as a function of its temperature (Ts), and the resulting 
radiosity (J). Include reference to the absorptivity (α), reflectivity (ρ), transmissivity 
(τ), and emissivity (ε) of the surface. 

[6 marks] 
 
 
 
 
 
 
 
 
 
 

Question 3 continues/… 
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…/question 3 continued 
 

 
 c) With respect to radiation view factors: 
 

i) Explain the meaning of 𝐹𝐹1−2.  
[2 marks] 

 
ii)  A rectangular room has four walls, a floor, and a ceiling. Use the summation 

rule to write an equation for the relationship between the view factors from the 
floor to each or the four walls and to the ceiling.  

[3 marks] 
 

d) For the parallel rectangles shown below, determine the view factor 𝐹𝐹1−2 using an 
appropriate chart from the formulae sheet. 

 

 
 [3 marks] 

 
e)  Consider the perpendicular rectangles below. Determine the view factor 𝐹𝐹1−3 using 

the superposition rule and an appropriate chart from the formulae sheet. 
  

   
 

[7 marks] 
 

Continues/… 
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…/continued 
 

SECTION B 
(Answer TWO QUESTIONS in SECTION B) 

 
 

Q4. a) One day in Loughborough in winter, the outdoor air temperature is 5°C and has 75% 
relative humidity. Calculate the partial pressure of water vapour, and hence calculate 
the temperature at which condensation would start to form on a surface. You should 
use formulae and data tables to calculate this, not the psychrometric chart.  

[5 marks] 
 

b) This outdoor air is then brought into a building and heated in a duct using a coil, as 
shown in Figure Q4 below. Explain what type of system this is and why (e.g. closed 
system, open system, adiabatic system etc.).    

[2 marks] 
 

 

Figure Q4 
 
 

c) State the first law of thermodynamics and explain how it can be applied to the 
situation shown in Figure Q4.  

[3 marks] 
 

d) Heat is supplied to the air in the duct in Figure Q4 by a coil. State whether heat is a 
property or a path function, and explain the difference between properties and path 
functions. 

 
[3 marks] 

 
e) The outdoor air enters the duct (shown in Figure Q4) at 5°C and 75% relative 

humidity and is then heated to 21°C, without adding or removing moisture. Calculate 
the new relative humidity. You should use formulae and data tables to calculate this, 
not the psychrometric chart.  

[4 marks] 
 

 
 

Question 4 continues/… 
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…/question 4 continued 
 
 
 
f) This heated air is then supplied to occupied spaces in a building. Comment on the 

relative humidity found in part (e). Explain whether or not this will give comfortable 
indoor conditions. Give reasons why or why not. If it is not comfortable, explain how 
this could be remedied.  

[4 marks] 
 

g) The duct (shown in Figure Q4) is required to supply air at a rate of 60 m3/min. The 
average velocity of air in the duct is not to exceed 8 m/s to avoid excessive vibration 
and pressure drops. The duct is circular in cross-section. Determine the minimum 
possible diameter of the duct. 

[4 marks] 
 
 
Q5. a) Explain the meaning of the following five terms: saturated liquid, saturated mixture, 

saturated vapour, superheated vapour and quality.  
[5 marks] 

 
b) If saturated liquid water is at 210°C, determine the pressure, specific volume, internal 

energy and enthalpy.  
[4 marks] 

 
c) 1 m3 of saturated liquid water at 210°C is expanded at a constant temperature in a 

closed system until its quality is 80%. Determine the total work produced by this 
expansion (in kJ).  

[6 marks] 
 
d) Determine whether any heat was lost or gained by the system described in part (c). If 

any heat was lost or gained, calculate this heat loss/gain (in kJ).  
[3 marks] 

 
e) If thermal energy is available at 210°C, and the ambient temperature is 10°C, 

determine the theoretical maximum efficiency of a heat engine operating between 
these two reservoirs.  

[3 marks] 
 
f)  Calculate the ratio of any heat gains/losses to work output/input of the system 

described in part (c). Compare this to the efficiency found in part (e), and thus 
calculate the second-law efficiency of the system described in part (c).   

[4 marks] 
 

 
 
 
 

Continues/… 
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…/continued 
 
 
Q6.  a)  An air-source heat pump is being used to provide space heating in a home. Explain 

the advantages of heat pumps over other space heating technologies, such as gas 
boilers or direct electric heating.   

[2 marks] 
 
 b)  Produce an annotated diagram showing how a heat pump works.  

[5 marks] 
 
 c)  The heat pump uses R-134a as its refrigerant. The refrigerant enters the compressor 

as a saturated vapour at 0.24 MPa and leaves the compressor as a superheated 
vapour at 0.8 MPa and 50°C. Find the enthalpy and internal energy of the refrigerant 
on entering and leaving the compressor.   

[4 marks] 
 
 d)  The mass flow rate of the refrigerant through the compressor is 0.03 kg/s. Calculate 

the work input of the compressor.   
[2 marks] 

 
 e)  Comment on the preferred radiator sizing for heat pumps, and explain the 

thermodynamic principle behind this.   
[3 marks] 

 
 f)  Heat is supplied to the home through the condenser of the heat pump. The 

refrigerant enters the condenser as superheated vapour at 0.8 MPa and 50°C, and 
leaves the condenser as saturated liquid at 30°C. Calculate the rate at which heat is 
supplied to the home (in kW).  

[4 marks] 
 

 g)  Calculate the COP of the heat pump.  
[2 marks] 

 
 h)  Comment on the effect of outdoor temperature on Air-Source Heat Pump 

performance, and any implications of this for national energy policy.  
[3 marks] 

 
 
 

 

 

D Allinson 
S Watson 
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LOUGHBOROUGH UNIVERSITY 
SCHOOL OF ARCHITECTURE, BUILDING AND CIVIL ENGINEERING 

 
CVB116: HEAT TRANSFER – FORMULAE SHEET AND CHARTS 

 
 

Conduction Heat Transfer 

For a one-dimensional plane wall, rate of heat transfer (W):  
 
Thermal resistance (K/W):  
 
Two-dimensional steady state heat conduction heat transfer (W):   𝑞𝑞 = 𝑆𝑆𝑆𝑆(𝑇𝑇1 − 𝑇𝑇2) 
 

 

Convection Heat Transfer 

Heat flux between a fluid in motion and a bounding surface:  
 
 
Thermal resistance (K/W):  
 
 
Rate of heat transfer in a flowing fluid (W):  
 
 
Film temperature:  
 
 
Prandtl number:  
 
 
Nusselt number:       
 
 
Reynolds number: 
 
 
Grashof number:  
 
 
Rayleigh number:   
 
 
  

𝑅𝑅 =
𝐿𝐿
𝑘𝑘𝑘𝑘 

𝑅𝑅 =
1
ℎ𝐴𝐴 

𝑞𝑞′′ =
𝑞𝑞
𝐴𝐴 = ℎ(𝑇𝑇𝑠𝑠 − 𝑇𝑇∞) 

𝑁𝑁𝑁𝑁 =
ℎ × 𝐿𝐿𝑐𝑐
𝑘𝑘  

𝑅𝑅𝑅𝑅 =
𝑢𝑢∞ × 𝐿𝐿𝑐𝑐

𝑣𝑣 =
𝜌𝜌 × 𝑢𝑢∞ × 𝐿𝐿𝑐𝑐

𝜇𝜇  

𝑃𝑃𝑃𝑃 =
𝑣𝑣
𝛼𝛼 =

𝜇𝜇 × 𝑐𝑐𝑝𝑝
𝑘𝑘  

𝑇𝑇𝑓𝑓 = (𝑇𝑇𝑠𝑠 + 𝑇𝑇∞) 2⁄  

𝑞𝑞 = 𝑚̇𝑚 × 𝑐𝑐𝑝𝑝 × ∆𝑇𝑇 

𝐺𝐺𝐺𝐺 =
𝑔𝑔𝛽𝛽(𝑇𝑇𝑠𝑠 − 𝑇𝑇∞)𝐿𝐿𝑐𝑐3

𝑣𝑣2  

Ra = Gr × 𝑃𝑃𝑃𝑃 =
𝑔𝑔𝛽𝛽(𝑇𝑇𝑠𝑠 − 𝑇𝑇∞)𝐿𝐿𝑐𝑐3

𝑣𝑣𝛼𝛼  

𝑞𝑞𝑥𝑥 =
𝑘𝑘𝑘𝑘
𝐿𝐿

(𝑇𝑇1 − 𝑇𝑇2) 
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Properties of air 
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Heat Exchangers 

Heat transfer rate (W):  
 
 
Log mean temperature difference (LMTD): 
 
 
Effectiveness:   
 
 
 
 
 
 
 
 
 
Heat capacity rate (W/K): 
 
 
Heat capacity ratio:   
 
 
Number of transfer units:  
 
 
 
Effectiveness relations – look-up table: 
 

 
Bergman, Lavine, Incropera, DeWitt.  2018, Fundamentals of Heat and Mass Transfer, 8th Edition, Wiley. 

 
 
  

𝑞𝑞 = 𝑈𝑈 × 𝐴𝐴 × ∆𝑇𝑇𝑙𝑙𝑙𝑙 

∆𝑇𝑇𝑙𝑙𝑙𝑙 =
∆𝑇𝑇1 − ∆𝑇𝑇2
𝑙𝑙𝑙𝑙(∆𝑇𝑇1 ∆𝑇𝑇2⁄ ) 

𝜀𝜀 =
Actual rate of heat transfer

Maximum possible rate of heat transfer 

𝐶𝐶 = 𝑚̇𝑚 × 𝑐𝑐𝑝𝑝 

𝜀𝜀 =
𝑞𝑞

𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚
=

𝐶𝐶ℎ�𝑇𝑇ℎ,𝑖𝑖 − 𝑇𝑇ℎ,𝑜𝑜�
𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚�𝑇𝑇ℎ,𝑖𝑖 − 𝑇𝑇𝑐𝑐,𝑖𝑖�

=
𝐶𝐶𝑐𝑐�𝑇𝑇𝑐𝑐,𝑜𝑜 − 𝑇𝑇𝑐𝑐,𝑖𝑖�
𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚�𝑇𝑇ℎ,𝑖𝑖 − 𝑇𝑇𝑐𝑐,𝑖𝑖�

 

NTU =
𝑈𝑈𝑈𝑈
𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚

 

𝐶𝐶𝑟𝑟 =
𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚

𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚
 

𝑞𝑞 = 𝜀𝜀 × 𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚�𝑇𝑇ℎ,𝑖𝑖 − 𝑇𝑇𝑐𝑐,𝑖𝑖� 
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Transient Heat Transfer 

 Lumped capacitance method: 
 
 
 
 
 
 
 
 
Biot number:      

 

 

Radiation Heat Transfer 

Emissive power (W/m2): 𝐸𝐸 = 𝜀𝜀𝜀𝜀𝑇𝑇𝑠𝑠4 
 
Stefan-Boltzmann constant, 𝜎𝜎 = 5.67x10-8  W/m2K4 
 
View factor between two differential areas:  
 

 
 
 
Reciprocity relation:  𝐴𝐴1𝐹𝐹1−2 = 𝐴𝐴2𝐹𝐹2−1 
 
 
Summation rule: 
 
 
Superposition rule:  𝐹𝐹1−(2&3) = 𝐹𝐹1−2 + 𝐹𝐹1−3   
 
 
Net radiation exchange (blackbody surfaces): 𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟,1−2 = 𝐹𝐹1−2𝐴𝐴1(𝐸𝐸𝑏𝑏1 − 𝐸𝐸𝑏𝑏2) 
 
 

𝐹𝐹𝑑𝑑𝑑𝑑1−𝑑𝑑𝑑𝑑2 =
𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃1 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃2

𝜋𝜋.𝑅𝑅2 𝑑𝑑𝐴𝐴2 

�𝐹𝐹𝑖𝑖−𝑗𝑗 = 1
𝑁𝑁

𝑗𝑗=1

 

𝑡𝑡 =
𝜌𝜌𝜌𝜌𝑐𝑐𝑝𝑝
ℎ𝐴𝐴 𝑙𝑙𝑙𝑙 �

𝜃𝜃𝑖𝑖
𝜃𝜃 � 

𝜃𝜃
𝜃𝜃𝑖𝑖

= 𝑒𝑒𝑒𝑒𝑒𝑒 �−�
ℎ𝐴𝐴
𝜌𝜌𝜌𝜌𝑐𝑐𝑝𝑝

� 𝑡𝑡� 

𝜃𝜃𝑖𝑖
𝜃𝜃 =

(𝑇𝑇𝑖𝑖 − 𝑇𝑇∞)
(𝑇𝑇 − 𝑇𝑇∞) 

𝜃𝜃
𝜃𝜃𝑖𝑖

=
(𝑇𝑇 − 𝑇𝑇∞)
(𝑇𝑇𝑖𝑖 − 𝑇𝑇∞) 

𝐵𝐵𝐵𝐵 =
ℎ𝐿𝐿𝑐𝑐
𝑘𝑘  𝐿𝐿𝑐𝑐 =

𝑉𝑉
𝐴𝐴 
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Radiation view factors (2013 ASHRAE Handbook of Fundamentals) 
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CVB116: THERMODYNAMICS – FORMULAE SHEET, TABLES AND CHARTS 

 

0°C = 273.15 K 

Atmospheric pressure = 101.325 kPa 

Ideal gas law: 𝑃𝑃𝑃𝑃 = 𝑅𝑅𝑅𝑅 or 𝑃𝑃𝑃𝑃 = 𝑚𝑚𝑚𝑚𝑚𝑚 

For air at 300 K: 

• Gas constant: 𝑅𝑅  = 0.2870 kJ/kg.K 

• Specific heat at constant pressure: 𝐶𝐶𝑝𝑝 = 1.005 kJ/kg.K 

• Specific heat at constant volume: 𝐶𝐶𝑣𝑣 = 0.718 kJ/kg.K 

Specific humidity: 𝜔𝜔 =  𝑚𝑚𝑣𝑣
𝑚𝑚𝑎𝑎

 = 0.622 𝑃𝑃𝑣𝑣
𝑃𝑃𝑎𝑎

 = 0.622×𝑃𝑃𝑣𝑣
𝑃𝑃−𝑃𝑃𝑣𝑣

   
Relative humidity: 𝜑𝜑 = 𝑚𝑚𝑣𝑣

𝑚𝑚𝑔𝑔
=  𝑃𝑃𝑣𝑣

𝑃𝑃𝑔𝑔
 

Law of partial pressures: 𝑃𝑃  = 𝑃𝑃𝑎𝑎 + 𝑃𝑃𝑣𝑣 

Total enthalpy of moist air: ℎ = ℎ𝑎𝑎 + 𝜔𝜔ℎ𝑔𝑔 

Approximate enthalpies at room/outdoor conditions (–10°C to +50°C): 

• Dry air: ℎ𝑎𝑎 = 1.005 × 𝑇𝑇 

• Water vapour: ℎ𝑔𝑔 = 2500.9 + 1.82 × 𝑇𝑇 

• (These two formulae are for temperature measured in °C). 

Kinetic energy: 𝐸𝐸𝑘𝑘 = 1
2
𝑚𝑚𝑽𝑽2   

Potential energy: 𝐸𝐸𝑝𝑝 = 𝑚𝑚𝑚𝑚𝑚𝑚 

Mass flow rate: 𝑚̇𝑚 = 𝜌𝜌𝑽𝑽𝐴𝐴 

Carnot efficiency for heat engine: 𝜂𝜂𝑡𝑡ℎ, 𝑟𝑟𝑟𝑟𝑟𝑟 = 1 − 𝑇𝑇𝐿𝐿
𝑇𝑇𝐻𝐻

 

Second-law efficiency: 𝜂𝜂𝐼𝐼𝐼𝐼 = 𝜂𝜂𝑡𝑡ℎ
𝜂𝜂𝑡𝑡ℎ, 𝑟𝑟𝑟𝑟𝑟𝑟

 

Carnot COP for refrigeration: 𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅,𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑇𝑇𝐿𝐿
𝑇𝑇𝐻𝐻−𝑇𝑇𝐿𝐿

 

Carnot COP for heat pump: 𝐶𝐶𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻,𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑇𝑇𝐻𝐻
𝑇𝑇𝐻𝐻−𝑇𝑇𝐿𝐿
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Liquid water 
 
 
 
 
 

 
 

 

 
Saturated water - Temperature table 
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Saturated water - Pressure table 
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Copyright © Loughborough University. All rights reserved. 18 

Superheated water 
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Saturated refrigerant-134a - Temperature table 
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Saturated refrigerant-134a - Pressure table 
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Superheated Refrigerant-134a 
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Psychrometric chart 
 

 
 
 
 
 


