
A Novel, Hands-On Approach to Teaching Heat Transfer 

 

Christopher F. Cirenza 

 

 

 

Thesis submitted to the faculty of the Virginia Polytechnic Institute and State University in 

partial fulfillment of the requirements for the degree of 

 

 

 

Master of Science 

 

In 

 

Mechanical Engineering 

 

 

 

 

 

 

Thomas E. Diller, Chair 

 

Christopher B. Williams 

 

 Brian Vick 

 

 

 

 

 

 

 

September 10, 2015 

 

Blacksburg,VA 

 

 

 

Keywords: Heat Transfer, Hands-On Workshop Education, Challenge-Based Pedagogy, 

Conceptual Understanding, Heat Flux Sensors 

 

 

 

 



 

A Novel, Hands-On Approach to Teaching Heat Transfer 

 

Christopher F. Cirenza 

 

ABSTRACT 

 

 The topic of heat transfer is traditionally taught as an upper level, lecture-style course to 

mechanical engineering students.  Such courses do not provide students with ways to see and feel 

the important heat transfer concepts at hand.  As a way to overcome this, novel, hands-on 

workshops have been designed and implemented into a heat transfer class taught to junior level 

mechanical engineering students.  Two types of experimental workshops were created and used 

in two different years of a section of a heat transfer class.  In the first year, twelve workshops 

were designed which included live demos so that the students could see and feel different modes 

of heat transfer while taking data and seeing real-time plots of temperature and heat flux in 

different experiments.  The workshop introduced each topic the students would be learning in the 

lecture and was performed the week before the actual lecture on the topic.  Each workshop 

included easily available materials, thermocouples, heat flux sensors, and data acquisition 

instruments for the students to use.  The workshops also served replacements for what would be 

the third lecture of the week.  Results from a concept inventory test given at the end of the first 

year showed a significant difference on certain question between an experimental group of 

students who had the workshops and a control group who took the traditional class lecture.  

However, there were still concepts and topics that the experimental group did not show 

improvement.  They also showed a lack of improvement in their problem solving skills for quiz 

and test problems. 

 For the second year of the experiment, the workshops were restructured quite a bit.  The 

original 12 workshop format was cut down to only six in order to focus on the ones the students 

seemed to have benefitted from the most.  The workshops were also changed into a video-

enhanced format where the students would watch a video of the experiment being done while 

also having the materials in front of them to place their hands on themselves.  The students could 

therefore see and feel what was physically happening and still perform the experiment while 

watching real-time, pre-recorded plots of heat flux and temperature without worrying about 

making sure their setup was right and acquiring good results.  The new video-enhanced 

workshops also included control volume and resistance diagrams for each experiment in order to 

help the students relate the workshops and concepts back to problems on their quizzes and tests.  

Results from these workshops seemed to show some statistical significance between the 

experimental and control groups on concept questions given on quizzes throughout the semester, 

but there was no difference on any questions from the ten concept questions given on the final 

exam.  However, surveys taken by the students indicate that they believed the workshops did 

help them to understand the concepts in a real-world sense and that they helped them understand 

the class material better overall. 

 Aside from the results of the workshops on the students learning, this study concludes 

with an analysis of important heat transfer concepts and how to test them.  There is much debate 

about the underlying concepts in the topic of heat transfer and a thorough analysis on what 

specific concepts are important for students to know must be addressed.  Many heat transfer 

concept questions on current concept inventories have more to do with thermodynamics and the 

mixing of the two topics is itself a misconception.
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Chapter 1: Introduction and Thesis Organization 
 

1.1 Introduction 

 

The subject of heat transfer is a crucial part of the undergraduate mechanical engineering 

curriculum because its countless applications can be seen in all types of different industries.  

Anywhere where a temperature difference is taking place, a transfer of heat must also be 

occurring.  In such a fast-paced, growing, industrial world, the control and monitoring of heat 

transfer plays an important role in making more energy-efficient products and processes because 

heat itself is a flow of energy.  For this reason, a solid and fundamental understanding of heat 

transfer is key for anyone wishing to work in the mechanical engineering side of industry.   

 

1.2 Organization 

This thesis is organized into a single manuscript. The manuscript corresponds to the 

second chapter of this thesis. References for each can be found at the end of each chapter. 

Figures are embedded into the text to allow for ease of reading. Supplementary material can be 

found in the Appendices.  

The second chapter of this thesis focuses on a two year study in which hands-on 

workshops were implemented into two semesters of a junior level heat transfer class at Virginia 

Tech.  The first semester involved workshops in which students collected heat flux and 

temperature data themselves for different experiments whereas the second semester utilized 

videos that the students could follow along with but still feel and use the lab materials. 
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Chapter 2: Hands-On Workshops to Assist in Students’ 

Conceptual Understanding of Heat Transfer 
 

Christopher F. Cirenza, Thomas E. Diller, Christopher B. Williams 
 

Department of Mechanical Engineering, Virginia Tech, Blacksburg, VA, 24061, USA 

 

 

2.1 Abstract 

 

A two-year study was conducted to engage undergraduate mechanical engineering 

students to approach heat transfer education in an active, hands-on manner and excite them to 

pursue research and graduate studies in the field.  Physical workshops were designed and 

implemented into a junior level heat transfer class, allowing students to feel and observe heat 

transfer using heat flux and temperature sensors that provided real-time data.  These instruments, 

coupled with open-ended, challenge-based pedagogy, provided opportunities for students to 

explore important heat transfer concepts, such as the differences between heat and temperature.  

The conceptual knowledge of the students was assessed through concept-specific questions.  

These results were compared to those of a control group who took the traditional lecture without 

the workshops.  The results yielded significantly higher scores for the experimental group in the 

first year but not as much of a difference in the second year, which used video-enhanced 

workshops in place of the purely hands-on workshops.  In addition to concept questions, surveys 

taken by the students reveal that the students much preferred the workshops over not having 

them and believed the workshops strongly enhanced their learning by giving them a real, hands-

on feel.  Future work entails (i) identifying the most important heat transfer concepts for students 

to grasp in order to understand the fundamentals of the discipline, (ii) investigating additional 

ways to enhance students’ conceptual knowledge, (iii) improving their problem solving skills, 

and (iv) manufacturing low-cost sensors to make them easily accessible to any student taking a 

heat transfer course. 



3 

 

2.2 Introduction 

Heat transfer is part of the core of all Mechanical Engineering curricula, and its concepts 

can be found throughout science curricula.  The concepts of heat and work were developed many 

years ago to explain and solve real physical problems such as the temperature increase 

experienced in gun boring and how to use steam to pump water from the coal mines in England.  

Its relevance continues today as the world learns to power society with the least impact on the 

environment. Whenever energy production or use is discussed, heat transfer processes are 

integral to the efficiency of the systems. 

Given the importance of heat transfer, it is most troubling that recent research shows that 

students have a limited understanding of heat transfer principles even after the completion of one 

or more heat transfer courses [1].  Specifically, students have shown (i) a significant lack of 

conceptual understanding of heat transfer principles, (ii) an inability to transfer knowledge to 

subsequent courses and out-of-context problems, and (iii) an insufficient transformation from 

novice to “competent practitioner.” 

Heat transfer is traditionally taught using a deductive instructional style.  Deductive 

instruction is characterized by an instructor presenting and defining a general concept, providing 

examples that demonstrate the idea, giving students practice in solving similar problems, and 

finally, testing their ability to do the same tasks on exams. This “skill-and-drill” approach allows 

students to approach learning passively, and does not challenge them to modify their prior 

understanding. Little attention is paid to the physical world phenomena that the concepts explain 

or what types of practical problems that they can be used to solve [2]. This mode of instruction is 

especially limiting when teaching abstract concepts, such as those encountered in a heat transfer 

course.  In addition, heat cannot be seen or even directly experienced. The human body has very 
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well developed sensors for temperature, but not for heat transfer. For example, humans’ 

temperature sensors can cause confusion as to why a metal object feels colder at room 

temperature than a wood object at the same temperature, or why one is burned by a pie pan taken 

from the oven, but unaffected by a piece of aluminum foil at the same temperature. Traditional 

lecture style courses are limited in how well they can convey certain difficult concepts.  While 

they stress important ideas such as setting up control volumes and energy balances, they do not 

do a good job helping students distinguish between the three modes of heat transfer in real world 

problems (conduction, convection, and radiation), nor can they offer physical representations of 

problems to allow students to feel heat transfer taking place in different situations.  This results 

in a lack of understanding of the underlying concepts of heat transfer, which is vital to build a 

foundation from which to advance one’s understanding. 

Although other engineering and science curricula can make similar claims, these 

problems are usually overcome by introducing measurement sensors and instruments to easily 

quantify and demonstrate the associated phenomena. For example, in electrical engineering, most 

everyone is introduced to voltmeters and ammeters early in life. However, there is usually no 

analog in the context of heat transfer; while everyone knows about temperature sensors of some 

type, students have rarely seen a direct measurement of heat transfer, even though these sensors 

have been available commercially for fifty years. This is similar to explaining the concepts of 

electrical current without ever seeing a measurement with an ammeter. Consequently, the 

concept of heat transfer remains abstract and difficult to understand because it can’t be visualized 

and isn’t normally measured.   

Heat transfer laboratory courses have been developed to provide opportunities for 

students to make connections between the theory of their lecture-based course and the practical 
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world.  However, these lab courses are taught in a deductive manner: students follow 

“cookbook” structured experiments where the outcome is already known [3]. Thus the lab is 

more focused on students’ ability to follow instructions to achieve a desired outcome rather than 

being challenged to explore the connection between theory and practice.  The deductive structure 

of existing laboratories does not provide the freedom for students to challenge and modify their 

existing knowledge framework. Moreover, the existing labs for heat transfer use only 

temperature measurements for thermal phenomena. There are no known undergraduate labs 

which use actual measurements of heat transfer or heat flux. This is rather amazing given that 

heat transfer is the subject of the course. 

Despite completing several courses in thermal and transport sciences, a significant 

number of students have misconceptions about simple heat transfer processes [4, 5, 6].  Through 

the development of the “Thermal and Transport Concept Inventory” (TTCI) test [7], it has been 

observed that students possessed “robust misconceptions” about the differences between 

 heat, energy and temperature,  

 rate and amount of transfer (e.g., heat transfer, momentum transfer, mass transfer),  

 steady-state and equilibrium processes [8].  

 In their experiments with Chemical Engineering senior students, it was found that one-

third to one-half of the students had misconceptions about these concepts as recorded by the 

TTCI [9].  However, the above three concepts are specific to heat transfer students in chemical 

engineering and include ideas from thermodynamics as well.  Since heat transfer is taught 

differently to mechanical engineering students, a new list of six concepts specific to mechanical 

engineering students in heat transfer is proposed.  This list is shown below in Table 1. 
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Table 1: Important heat transfer concepts for mechanical engineering students 

Concept Number Concept 

1 Heat transfer is inversely proportional to thermal resistance 

2 Heat transfer requires a temperature difference (source and sink) 

3 Temperature change requires an energy transfer 

4 Energy balance must be satisfied (parallel and series pathways) 

5 Fluid flow carries thermal energy while it transfers by conduction  

6 Radiation is purely a surface phenomenon with no medium required 

 

The current work reports on the results of research to integrate Challenge-Based 

Workshops (CBW) into existing heat transfer courses. This provides hands-on activities with 

real-world challenges to help the students relate heat transfer to their conceptual framework. The 

effects on both student misconceptions and retention of basic concepts are evaluated. 

 

2.3 Workshop Background and Rationale 

Although the problem of student misconceptions has been clearly identified, an accepted 

pedagogical method to address these learning deficiencies has not yet been demonstrated.  As a 

step toward addressing this gap, the authors propose an approach to heat transfer education that 

is centered around hands-on, challenge-based workshops (CBW) that promote discovery and 

conceptual connections to observed and measured physical phenomena. 

Inductive pedagogies such as CBW are centered in student engagement.  A survey of 

neurological and psychological research found strong support for these approaches, specifically 

showing that (i) students understood information better when they were forced to link it to their 

existing cognitive structures, (ii) students were more motivated to learn when they could see the 

potential for impact, (iii) there was a greater chance of knowledge transfer, and (iv) students’ 

problem-solving skills were improved [10].  Conversely, the deductive learning mode does not 

reflect what we know about how people learn – following the constructivist learning theory, it is 

known that students form knowledge representations of new information by building on their 
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previous knowledge and experiences [11].  If the new information has few connections to what 

they already know, learning will not occur nor will students be motivated to learn [12].  Thus, 

effective instruction must provide experiences in which students actively construct knowledge by 

adjusting, rejecting, or modifying their prior beliefs and understanding based on their 

experiences [2].  Deductive instruction does not facilitate this mode of learning; its “skill-and-

drill” approach allows students to approach learning passively, and does not challenge them to 

modify their prior understanding.   

The authors’ CBW approach is grounded in an existing pedagogy that blends inductive 

and deductive processes: Challenge-Based Instruction (CBI).  CBI begins first with an inquiry or 

challenge (i.e., a question to be answered or a hypothesis to be tested). Following the principles 

of the Legacy Cycle of instruction, the students are then (i) asked to formulate their initial 

thoughts, (ii) receive expert perspectives, (iii) research and revise their solution to the challenge, 

and finally, (iv) present a final conclusion via presentation, report, or examination [13].  This 

cycle presents a blended inductive and deductive mode to instruction: the need for learning is 

motivated by an authentic problem; the challenge causes the students to continuously iterate their 

conceptual understanding of the domain by consulting the expert (through small lectures), and 

discussions with their teammates.  CBI modules [14] were created [15] with support from NSF 

for a variety of topics in Bioengineering
 
[16].  The method was shown to improve students’ 

performance with open-ended problems
 
[17, 18, 19].  Inquiry-based learning approaches, such as 

CBI, have been found to be “more effective than traditional science instruction at improving 

academic achievement, and the development of thinking, problem-solving and laboratory skills” 

[2], and to enhance understanding of critical engineering concepts [20, 21]. 
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A key facet of the CBW approach in heat transfer instruction is the integration of hands-

on workshops into the existing course.  The integration of hands-on activities into courses has 

shown significant learning gains for students across several domains.  Faculty have used 

interactive learning in small groups with hands-on demonstrations to enhance fluids and heat 

transfer learning in the Chemical Engineering curriculum [22, 23, 24, 25].  RPI has instituted 

mobile studios, consisting of a suite of instruments that are connected to PC’s via USB for 

observing and testing electrical theories [26].  A similar approach (TEAL) has been instituted at 

MIT for freshmen physics classes with positive results [27]. Virginia Tech has created a “lab-in-

a-box”, which is an inexpensive set of instruments and a bread-board to allow students to 

perform electronic experiments themselves [28]. 

The heat transfer workshops in the current study are modeled after the Challenge-Based 

Instruction (CBI) pedagogy and are designed specifically to target students’ common heat 

transfer misconceptions.  The workshops are heavily focused in providing hands-on experiences 

and allowing students to explore connections between theory and the physical world.  As such, 

the workshops feature state-of-the-art sensors that measure both temperature and heat flux (heat 

transfer per area). 

This paper consists of a two-year study on the use of two different types of hands-on, 

heat transfer workshops.   

(1) The first year consisted of having the students use heat flux and temperature sensors to 

take data for different situations and scenarios that related to topics from the lectures.  By 

using these sensors, students were able to physically explore abstract concepts such as 

thermal energy and heat transfer and thus facilitate learning through the active 

reconfiguration of their cognitive structure.  There were twelve workshops given 
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throughout the semester covering each topic introduced in the lectures.  The workshops 

were given the week before the lecture covering the topic, thus the students had no prior 

knowledge of the material going into each workshop. 

(2) The workshops were then restructured for the second year of the study.  It was observed 

that students spent too much time on the experimental aspect and worrying about 

acquiring good data.  In order to overcome this and help them focus more on the concepts 

at hand, the workshops in the second year consisted of videos of the experiment with 

real-time data and plots.  The physical setup, however, was still given to the students so 

that they could perform the experiment while simultaneously watching the videos without 

worrying about acquiring good data.  The workshops were consolidated down to only six 

to focus on the important concepts and topics and they were given a few days after the 

topics they covered were introduced in lecture. 

In this paper, the authors present the CBW concept, describe its implementation, and 

report on the results of the assessment of the CBW on student learning.  It was hypothesized that 

performing simultaneous temperature and heat flux measurements in the context of carefully 

designed challenge-based learning experiences would (i) improve students’ conceptual 

understanding, (ii) improve their problem-solving abilities, and (iii) improve their ability to 

transfer knowledge to other courses and contexts. 

 

2.4 First Semester Experimental Approach and Results 

 The following discusses the first semester implementing the experimental workshops.  

These workshops were offered in place of the third lecture of a section of a 3-lecture-a-week 

junior level heat transfer class.  The experimental workshop section consisted of 68 students.  A 

group consisting of 58 students taking the traditional lecture class without the workshops was 
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used as a control group. Aside from the workshops in the experimental section, all other aspects 

of the two classes were the same, including instructor, tests, weekly quizzes and homework. 

 

2.4.1 Challenge-Based Workshops Description 

The authors implemented CBW in a junior-level heat transfer class at a large land-grant 

university.  Unlike traditional lab classes, CBWs are given to the students in a structured format 

that includes a challenge question and five step approach to guide the students in the direction of 

both solving the challenge question and understanding the underlying concepts.  The challenge 

every week consisted of a hypothetical scenario intended to make the students imagine they were 

engineers working in industry trying to solve a problem for their employer. 

Following the CBI technique, students work to solve the challenge question via research 

and experimentation through a five step process inspired by previous CBI pedagogy:  

[1] The first step was to generate ideas about the problem.  The students were to establish 

an experimental plan to answer the challenge question.  This step always included questions 

intended to point the students in the right direction and a hypothesis for them to predict what was 

going to happen. 

 [2] Step two provided some background information to the students which related to the 

challenge question they were attempting to solve.  Pertinent equations were provided as well as 

some description of how they were to be used.   

[3] In Step three, the students were asked to show which equations they were going to 

actually use and how they were going to perform their experiment.  This usually involved 

questions relating to how they were going to use their heat flux sensors and thermocouples. 

 [4] Step four involved the crux of the experiment.  Some instructions for how they were 

to use the data acquisition software were provided along with instructions for how to run the 
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experiment.  The students were then asked to evaluate the results of their experiment by solving 

for certain variables using the data they collected and then answering the challenge question 

posed to them at the start.  Many of their results included graphs that they could both see in real 

time and examine after the data was taken to assist them in understanding what was physically 

happening. 

 [5] Step five was a reflection step which included questions asking about the concepts 

that were stressed during the workshop and was intended to gauge what the students learned 

throughout the process. 

For the particular purpose of using this CBW approach for heat transfer, every workshop 

consisted of a physical setup using thermocouples and heat flux sensors.  While many students 

with no background in the subject matter have a basic understanding of temperature, it is hard for 

them to distinguish between temperature and heat flux and understand how the two relate.  

Therefore, it was necessary to utilize both types of sensors in the workshops so that the students 

could physically touch and better understand how they worked.   

The sensors were connected to a data acquisition instrument (DAQ) provided by National 

Instruments and the software: LabVIEW, also by National Instruments, was used to collect the 

heat flux and temperature measurements from the sensors in real time.  Most workshops used the 

LabVIEW software so that the students could see plots of the measurements in real time.  The 

students then would run a pre-written MATLAB program which would take the data and output 

any relevant plots and values the students would use for their particular experiment.  An 

introduction to the sensors was given in the first workshop.  The students were provided with a 

metal and plastic plate, a heater, and surface thermocouples and heat flux sensors.  They were 

first allowed to run the LabVIEW software and investigate with the sensors to see how heat flux 
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and temperature are measured differently.  They then used a heater to heat the plastic and metal 

plates with the sensors attached and got to see how the surface temperature and heat flux 

measurements differed for the two materials in real time.  Every workshop following the first 

continued to use both types of sensors in different experiments.  

The 65 student experimental section was split into three groups of equal size (about 21 

students per group) so they could have more individualized attention during the workshops.  

Within those groups, students were split into teams of two or three to perform the workshops so 

that each student could touch the materials and feel the heat transfer processes first hand. 

 Each workshop was intended to address any misconceptions associated with the specific 

topic at hand.  The workshop topics were chosen to be those presented in the lectures the 

following week.  This approach provided students the opportunity to gain physical experiences 

with heat transfer phenomena first as a means for motivating their learning of the theoretical 

principles and relationships. A list of the workshop topics in order of the weeks they were given 

is presented in Table 2 along with the specific concepts stressed.  The workshop topics followed 

those covered in lectures and the workshops themselves were intended to focus on the proposed 

concepts from Table 1 in Section 2.2. 

Table 2: Summary of Workshops for Each Week 

Week Topic Covered in Workshop Concept(s) 

Stressed 

1 Introduction to software, thermocouples, and heat flux sensors.  

Conduction heat transfer for materials of different thermal properties. 

1, 2, 3 

2 How fins affect convective heat transfer, convective coefficient. 2, 3 

3 Understand transient heat transfer- how heat flux and temperature 

change with time. 

2, 3 

4 Work more with transient heat transfer and understand thermal 

resistance and link it to conduction.  Semi-infinite materials. 

1, 4 

5 Boundary layers and how they affect convective heat transfer. 2 

6 Apply ideas of convective heat transfer to internal flow. 2, 3, 5 

7 Internal flow part 2: overall heat transfer coefficient.    2, 3, 5 

8 Mass transfer process and relationship of heat and mass transfer.    
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9 Computer simulation of a heat exchanger. 2, 3, 5 

10 Radiant heat transfer, view factors, emissivity and absorptivity. 3, 6 

11 Radiation part 2: gray bodies and radiosity. 3, 6 

12 Use thermal camera to look at experiments from previous workshops. 3, 6 

  

Workshop 2 is presented in detail here to provide an example of CBW.  The objective of 

this workshop was for the students to learn what a fin is and how it affects heat transfer.   In this 

workshop, the students were introduced to the idea of heat transfer coefficients.  The challenge 

presented was to determine the convective coefficient, overall heat transfer, and efficiency of the 

given fin.  Provided for the students was a piece of metal heated at the base to act as a fin, a fan 

with low and high settings to provide different heat transfer coefficients, thermocouples and a 

heat flux sensor attached to the fin, and data software and instructions on how to run the 

experiment. 

Step 1: The students were asked to generate ideas about what a fin is, how it works, and 

what purpose it provides.  They were asked questions to help lead them in the right direction. 

 Step 2:  The students were provided information about fins and the relevant equations 

associated with them.  All of the terms in the equation were provided. 

 Step 3: The students then revised their earlier ideas about fins with the new information. 

 Step 4: The experiment was conducted by the students.  In this particular workshop, they 

created low and high fan air speeds on the fin and watched real time data of temperature across it 

using the LabVIEW software.  A screenshot of the LabVIEW program is shown in Figure 1a.  

They then ran a MATLAB code which outputted plots and the heat flux values to assist them in 

calculating convective coefficients, total heat transfer, and efficiencies.  Examples of the output 

data from the MATLAB program are shown in Figures 1b and 1c. 
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 Step 5: For the final step, the students answered reflective questions related to what they 

learned.  They were asked general questions about fins and how their performance changes based 

on convective coefficients. 

 

 

Figure 1 a) (top) Screen shot of the LabVIEW program showing real time temperature 

measurements from the fin.  b) (bottom right) Averaged output data from thermocouples and 

heat flux sensors calculated using MATLAB.  c) (bottom left) Resultant plots from MATLAB 

 

The goal of this workshop was for the students to learn the basics of convective and 

conductive heat transfer and how they are related.  The unique challenge-based and hands-on 
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approach is implemented.  They entered the workshop with no preconceived notions of 

convective heat transfer or fins because they had not been taught the material in lecture yet.  The 

main challenge, therefore, was to learn how fins physically work.  Using the heat flux sensor 

combined with thermocouples and doing some calculations gave them physical experience with 

heat transfer coefficients and the basics of convection.  For the specific case in figure 1, using the 

following equation: q”=h(Ts-T∞), the students could calculate the heat transfer coefficient for the 

high fan speed to be h=722/(32.0-24.4)=95W/m
2
K (the heat flux sensor was placed at the 10cm 

mark on the fin).  This direct calculation for h was only possible by performing simultanteous 

measurements of heat flux and temperature.  Most importantly perhaps, this workshop gave them 

the opportunity to actually put their hands on the fin and feel the change in temperature from the 

fin’s base to its tip.  This, combined with real time plots, provided a new and innovative learning 

experience for fin heat transfer. 

 

2.4.2 Assessment Methodology 

In order to evaluate the effect the workshops had on the students, a concept inventory test 

was given to them at the beginning and end of the semester.  The pretest featured five questions 

from the TTCI and was given not only to compare against a post-test, but to ensure that the 

control and experimental groups’ understanding at the beginning of the study could be 

considered equivalent.  At the end of the semester, the entire 19 question TTCI was given to each 

section to see if the workshops played a role in helping the students better understand the basic 

concepts in heat transfer.  The questions were taken from the Heat Transfer section of the 

“Thermal and Transport Concept Inventory” by Ron L. Miller, the “AIChE Concept 

Warehouse,” and the authors.  The questions from both the pre and post tests featured a mix of 

ones specific to the six concepts from Table 1 in Section 2.2 and control questions geared more 
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toward thermodynamics ideas.  The questions are separated into the different concepts in the 

following section. 

JMP 11, a statistical analysis software package, was used to examine statistical 

differences between the performances of the two groups of students.  Statistically significant 

differences were assumed at a significance level (α) of 0.05. 

 

2.4.3 Assessment Results 

 Results from the pre-test showed no significant difference between the groups for any of 

the five questions.  As class assignments were made at random, it can be assumed that the two 

sections started off without any advantages or prior knowledge regarding heat transfer concepts.  

The scores on the five question pretest for both groups along with the standard errors and p-

values is displayed in Table 3.  As mentioned, using an alpha value of .05, none of these 

questions yield any statistically significant difference. 

Table 3: Scores on initial concept quiz 

Question Number Control Score ± SE (%) Experimental Score ± SE (%) P-Value 

1 71.1±7.46 83.0±5.54 0.1903 

2 31.6±7.64 44.7±7.33 0.2159 

3 86.8±5.56 95.7±2.98 0.1356 

4 50.0±8.22 68.1±6.87 0.0904 

5 47.4±8.21 63.8±7.08 0.1277 

 

The results from the 19-question concept inventory given at the end of the semester show 

a statistically significant difference both in overall scores between the two sections and for 

certain individual questions.  Table 4 shows the results on the test overall as well as the questions 

showing statistical significance.  A Wilcoxon ranked sum test was performed and revealed that 

the difference in the overall scores was statistically significant.  In addition, the experimental 

group outscored the control group on 17 of the 19 questions with 4 of the questions yielding 

statistically significant difference.  The mean results for each group (experimental and control) 
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with error bars are shown in Figure 2.  The questions have been split into six categories 

corresponding to the concepts listed in Table 1 in Section 2.2.  The questions showing 

statistically significant differences were 1, 10, 16, and 17.  Question 1 is a very general heat and 

temperature question which falls under concepts 1, 2, and 3 from the list displayed in Table 2.  

Question 10 has to do with radiation and falls under concept 6.  Questions 16 and 17 concern 

internal flow which link directly to concept 5. 

Table 4: Statistically significant results from concept inventory 

Question Number Control Score ± SE (%) Experimental Score ± SE (%) P-Value 

1 87.2±5.42 97.9±2.13 0.0462 

10 59.0±7.98 85.1±5.25 0.0061 

16 59.0±7.98 80.9±5.80 0.0258 

17 48.7±8.11 70.2±6.74 0.0420 

Overall Averages: 52.0±2.97 61.8±3.02 0.0289 

 

Concept 1: Heat Transfer and Thermal Resistance.         Concept 2: Heat Source and Sink 
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Concept 3: Temperature Change/ Energy Transfer           Concept 4: Satisfy Energy Balance  

  
Concepts 5 and 6: Fluid Flow and Radiation 

Figure 2: Results from final 19-question concept inventory split into the six different concepts 

they tested. 

 

Question 1 tested the concept of temperature vs heat and energy by asking why a tile 

floor feels colder than a carpeted floor.  The reason for the discrepancy in scores directly links 

back to the fourth workshop of the semester where the students had to feel the difference 

between a steel plate and plastic plate and watch how the surface temperature and heat flux 
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responded over time.  This workshop was very similar to the first workshop discussed in section 

2.4.1, but the students used their hands to heat the plates instead of a resistance heater and the 

topic was more focused on thermal resistance.  This workshop allowed the students to directly 

feel and see in real time how heat transfer was occurring in the plates.  They got to see the higher 

heat flux and lower temperature change for the metal because the metal has less thermal 

resistance than the plastic. 

Question 10 tested the concept of radiation: giving emissivity and reflectivity values of 

two different surfaces at the same temperature and asking which one feels warmer when a person 

is close to them.  This question stresses the difference between temperature and heat flux because 

while the temperatures for the plates are the same, the heat flux is higher for the black plate.  

Therefore, a person placing their hands above the plates will feel a difference in heat flux, not 

temperature.  This question links directly to Workshop 10 in which the students got to feel and 

measure the difference in radiation from heated black and gray plates at the same temperature 

and see how the heat flux changed on different surfaces right above the plates.  While 85 percent 

of the students in the experimental class answered this correctly, only 59 percent of the control 

group got it right.  Once again, the higher scores from this question can be attributed to the fact 

that the students were able to directly feel differences in radiation for the different emissivities. 

The last questions that showed statistically significant differences were 16 and 17 and 

had to do with heat transfer in a heated pipe maintained at a constant temperature hotter than the 

incoming water.  The two questions asked what would happen to the average temperature of the 

water at the exit and overall heat transfer to the water respectively if the mass flow rate was 

doubled.  This question, much like the radiation one, stresses the confusing nature of heat flux 

and temperature.  While the total heat transfer to the water will increase with an increased flow 
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rate, the outlet temperature will decrease.  While fairly basic in nature, the concepts stressed in 

these questions are important for anyone in the HVAC industry or dealing with internal flow 

problems.  During the semester, there were two back-to-back workshops dealing with internal 

flow in a pipe.  In Workshops 6 and 7, the students directly measured the heat flux and 

temperature on the inner and outer surfaces of a metal pipe being cooled on the outside by a fan 

and having hot air flow through it.  The fundamental concepts of convective heat transfer in a 

pipe were covered by feeling the temperature down the length of the pipe (which the 

experimental section did).  Actual measurements of heat flux and temperature provided students 

with a real physical example of internal flow that could not be achieved in their classroom 

lecture.   

 

2.4.4 Survey Results 

 Aside from the concept inventory scores, it is worth looking at how the students 

performed in the class in general based on their quiz and test scores.  Unlike the concept 

inventory scores, the grades on the quizzes and tests showed no significant difference between 

the experimental and the control group.  Certain test questions were even intended to focus more 

on the fundamental principles than simply solving problems, but the scores on such questions 

failed to show any significant difference between the two sections. 

 A survey was given to the students at the end of the semester to gauge what they thought 

of the workshops from a qualitative standpoint.  Looking at the survey results as a whole, the 

general consensus was positive.  Many students mentioned the benefit of being able to see and 

feel the modes of heat transfer to apply the concepts they learned in class into physical 

experiments.  Students felt they were able to remember the actual workshops better than the 
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traditional lectures themselves.  They also pointed out the benefit of being guided through the 

workshops by the TA’s and they liked how the workshops involved real-world scenarios. 

 Looking at what the students disliked about the workshops, the most common responses 

pointed to the length of the workshops.  Almost all of the students mentioned that they felt 

rushed most of the times to answer all the questions and that the workshops sometimes ran over 

the allotted time.  They also pointed out that some of the number crunching was tedious and 

excessive when they were required to calculate values based on their measurements.  Many 

students also mentioned how they would sometimes get bad or unreasonable values from their 

data acquisition.  This caused them to try and retake the data or to be confused by what was 

physically happening.   

 

2.4.5 First Semester Conclusions 

 Overall the hands-on, challenge-based workshops in the first year did a good job 

addressing the main misconceptions in heat transfer and helped the students to improve their 

understanding of the concepts.  Looking at the statistically significant results in particular, it is 

worth noting that the three concept questions showing significant difference relate to the topics 

that had two workshops made for them as opposed to one.  The students had two workshops on 

conduction and thermal resistance, two on radiation, and two on internal flow.  These results 

stress the importance of not only hands-on, active learning, but also of repetition of a topic to 

better engrain the concept.  The workshops failed, however, in getting the students to apply the 

concepts to solving problems on their quizzes and tests.  While the results on the concept 

inventory showed a strong statistical difference between the experimental and control groups, 

neither the quiz grades, test grades, nor final grades showed a significant difference.  The 
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students who took the workshops seemed to be unable to translate the concepts they learned into 

solving traditionally formulated heat transfer problem sets. 

 

2.5 Retention from First Workshop Semester 

 The retention of the students’ conceptual understanding 

was tested in classes the following semester, after summer 

break. Seven concept questions were given as a quiz to all of the 

students who had taken heat transfer the previous year.  The quiz 

was given on their first day of class in the Fall semester of 2014 

and they took heat transfer in the spring semester of that same 

year or earlier.  This left a gap of at least three summer months’ 

time since the students had last taken the class.  These students 

came from five different sections of heat transfer taught by four 

different professors.  Two of these classes were taught by the 

same professor.  One was the control group and the other the experimental group who took the 

class with the workshops. 

Results on the quiz showed only a slight difference in the total scores between all the 

sections with the experimental workshop section attaining the highest score.  The bar chart 

showing the total scores between all of the sections is shown in Figure 3.  None of these results, 

however, yielded any significant difference and not a single section averaged above 3.4 out of 7 

on the quiz (48.6%). 

The first six questions on the concept retention quiz were multiple choice questions 

focusing on concepts 1,2,3,4 and 6 from Table 1 in Section 2.2.  None of these questions yielded 

any statistically significant differences comparing the experimental section with the other 

Figure. 3: Total scores on 

concept retention quiz from all 

of the previous year’s heat 

transfer class sections. 
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sections using an alpha value of 0.05.  The seventh question was 

a simple energy balance problem involving conduction, 

convection, and radiation with a quantitative answer. As shown 

in Figure 4, a much higher percentage of students from two of 

the sections answered this question correctly than the other 

sections. However, less than one-half of the students retained this 

fundamental skill over the summer. Most of those who missed 

this question didn’t even attempt to perform an energy balance 

using a control volume. The two sections that performed the best 

were the experimental and control groups taught by the professor who gave the workshops.  In 

these classes a strong emphasis was placed on the concept of modeling and using an energy 

balance.  This focus on fundamental concepts (in this case, the concept of using an energy 

balance) appears to be vital to how well students can retain what they learned.  

 

2.6 Second Semester 

The second year involved restructuring the workshops to try and get the students to meld 

conceptual understanding with problem solving skills.  The workshops were shortened into hour-

long sessions that focused much more on data analysis and less on data acquisition.  The number 

of workshops was reduced from twelve to six and they were included in addition to the three-

lecture a week course instead of as a substitute for one of the lectures.  The new goal was to help 

the students focus on the concepts rather than worry about the mechanics of performing the 

experiments. 

 

Figure 4: Percentage of 

students answering the energy 

balance question correctly for 

the different sections. 
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2.6.1 Restructured Workshops Format 

The data acquisition was all pre-recorded in videos so the students did not have to worry 

about whether they were using the data acquisition equipment correctly.  However, they still 

performed the experiment as if they were taking the data in order to keep the benefit of feeling 

the experiment as the plots were being displayed.  The workshops ran much smoother because 

they did not require any real-time measurements.  The idea was that the students would have 

more time to think about the concepts and how they related to the experiment at hand.  This 

format is also easier to transport to other schools since there is no need for expensive sensors and 

daqs; you only need the physical set ups, which (aside from resistive heaters) can be built from 

materials found at a home improvement store. 

 

2.6.1.1 Video-Enhanced Learning  

  One of the goals of the present study was to restructure the workshops in such a way that 

the students would focus less on acquiring good data from their experiments and more on the 

concepts at hand. To accomplish this, videos were created to guide the students through the 

experiment and demonstrate the data acquisition. The students then followed along with the 

video and performed the same experiment but watched the data being taken on the video itself 

instead of taking the data themselves. The first two workshops will be described in detail in 

sections 2.6.1.3 and 2.6.1.4 to serve as examples and better convey how they were structured. 

 

2.6.1.2 General Workshop Structure  

 The workshops still included the five-step challenge-based instruction method just as in 

the previous year, but the challenge-based approach was relaxed quite a bit to help the students 

focus more on what was physically happening rather than making sure they were performing the 
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experiment correctly.  The number of workshops was also cut in half to provide more focus to 

the important concepts and topics.  Six workshops were specifically chosen because they seemed 

to help the students learn the concepts better than the other workshops both from a quantitative 

and qualitative standpoint.  Table 5 lists a brief summary of all six workshops given to the 

students throughout the semester.  It should be noted that in each workshop, the students were 

allowed to feel the different heat transfer processes taking place.  The concept numbers are 

included in parenthesis and match up with those of the previous semester’s workshops. 

Table 5: Summary of six video-enhanced workshops 
WS # Topic / 

Concept # 

Summary 

1 Conduction 

and Thermal 

Conductivity 

(1, 2, 3) 

 Students are provided with plastic and metal plates 

 Challenge: Determine which plate is more thermally conductive 

 Experiment: Place hands on plates to feel the difference and watch plots of 

surface temperature and heat flux over time.  Relate plots to how the 

materials feel to determine which is more conductive. 

2 Fins 

(2,3) 
 Students are provided with a fin heated at the base and exposed to external 

convection across the outside 

 Challenge: Determine how different air speeds blowing across the fin affect 

its efficiency and total heat transfer. 

 Experiment: Feel the temperature gradient across the fin and analyze data 

of heat flux and temperature across it. 

3 External Flow 

and Boundary 

Layers 

(2) 

 Students are provided with heated metal plates: one is thick with a constant 

surface temperature and the other thin with a constant heat flux. 

 Challenge: Determine which plate should be used to better cool a bed of 

resistors. 

 Experiment: Blow air across the plates and analyze the differences in 

surface temperature and heat flux at the front and back of the plates.  Feel 

the difference in temperature across the two plates. 

4 Internal Flow 

(2, 3, 5) 
 Students are provided with a tube exposed to external convection and a heat 

gun to blow hot air through the inside 

 Challenge: Which mass flow rate should be used so that the air blowing 

through the inside is cooled to 40
o
C at the exit. 

 Experiment: Blow hot air down the inside of the tube and look at the 

resulting flow temperature, wall temperature, and wall heat flux values all 

the way down its length.  Feel the temperature across the length of the tube. 

5 Parallel and 

Series 

Thermal 

Resistance 

(1, 4) 

 Students are provided with heated metal and rubber plates in parallel and 

series configurations and a cloth to place on top of them. 

 Challenge: What difference does the cloth make on the total thermal 

resistance for the heated metal and rubber plates? 

 Experiment: Feel the difference in the two heated plates both in parallel and 

series.  Place a cloth over the two in series and feel which one it affects 
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more. 

6 Radiant Heat 

Transfer 

(3, 6) 

 Students are provided with thin black and gray sheets heated by black and 

gray heaters at the same temperature. 

 Challenge: Determine which configuration of sheets and heaters yields the 

highest heat transfer to a given sheet. 

 Experiment: Use data of heat flux and temperature into the metal sheets to 

determine the emissivities and radiosities of the heaters and sheets.  Place 

hands over the heated plates to feel the difference in radiation between gray 

and black surfaces. 

 

2.6.1.3 Workshop 1 in Detail   

 Just as in the previous semester, the first workshop focused on the basic ideas and 

concepts of conduction through different materials.  The goal was for the students to determine 

whether a plastic or metal was more thermally conductive.  The students were first presented 

with an imaginary real-world scenario that they were working for an engineering firm and their 

boss gave them material samples to determine which one was more thermally conductive.   

 The first three steps were almost identical to those in the previous year.  First the students 

generate ideas and form a hypothesis to answer the challenge question.  For this first workshop, a 

video was provided prior to the workshop which introduced the students to heat flux sensors and 

thermocouples and using them to take data.  Screen shots from this introductory video are 

provided in Figure 5.   

 
Figure 5: Sensor introductory video screen shots showing (left): An actual heat flux sensor and 

thermocouple and (right):a heat flux sensor diagram. 
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While the students were provided with sensors at their station, the actual data from the 

experiment was recorded in the video and they did not need to acquire it themselves.  Unlike in 

the previous year’s workshops, this step also included control volume and thermal resistance 

diagrams of the physical setup.  These were provided to help the students relate their experiment 

with the problem solving process and the very important concept of using a control volume and 

energy balance.  The control volume and thermal resistance diagrams are displayed in Figure 6. 

The next step was to perform the actual experiment.  Unlike the previous year when the 

students had to put the sensors on the materials and acquire the data themselves, videos were 

provided in this step for the students to watch and follow along with the materials provided. The 

videos showed someone placing their 

hands on the pieces of metal and plastic 

split screened with real time plots of the 

temperature and heat flux measurements at 

the surface of the two materials.  The 

video included audio with subtitles to guide 

them through the process.  Screen shots of 

this video are provided in Figure 7.  With 

this method, the students were able to feel the materials while watching the real-time plots 

without getting concerned with how their data looked. They could then focus on their ideas of 

why the materials felt different and relate that to the graphs of recorded heat flux and 

temperature. An additional video showed the same experiment being performed but split 

screened with an infrared camera for the students to see the temperature profiles of the two plates 

after the hands were placed on them.   

Figure 6: Control volume and thermal resistance 

diagrams for the first workshop to help the 

students relate their experiment to problems they 

solve on tests and for homework 



28 

 

 

 

The last step was a reflection step where the students were asked questions to help them 

think about what they did.  During the workshop, a single setup of the experiment was placed in 

the front of the room and all of the students were required to go up and feel the materials and 

repeat what was performed in the video without actually taking the data.  

 

2.6.1.4 Workshop 2 in Detail   

The second workshop, same as the previous year, focused on the topic of fins.  At their 

workstations, the students were provided with a metal fin heated at its base by a resistance 

heater. 

Once again, the first step involved having the students generate ideas and form a 

hypothesis to answer the challenge question.  In addition to the questions asked in the previous 

year, the restructured workshop featured blank plots of temperature and heat flux and the 

students were asked to sketch what they predicted the distribution would look like down the fin 

for the different air speeds.  Sketches are important for conceptual understanding because they 

provide a physical representation of how heat flux and temperature are changing in a situation. 

Figure 7 a) (left): Workshop video showing plots of heat flux over time for the two plates                   

b) (right): The same video showing the experiment under the thermal camera. 
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In the next step, a diagram of the physical 

setup was also added for the students to see how 

conduction and convection were taking place in the 

fin.  More focus was placed on the physical setup 

and how heat transfer was physically taking place in 

the restructured workshops.  The diagram the students 

were provided with is shown in Figure 8.  For the 

experimental procedure, instead of having the students 

record the data themselves, a video was 

provided showing the fan blowing air 

across the fin and the plots showing heat 

flux and temperature measurements 

down its length.  A split screen in the 

video showed both plots growing with 

time after the base heater was turned on 

as well as what the experiment looked like under the thermal camera.  A screen shot of this part 

of the video is shown in Figure 9.  The students were told to feel the temperature distribution 

down the length of the fin while watching the video so as to keep the students engaged with 

hands-on activity.   

2.6.2 Assessment Methodology 

 Just as in the previous year, two sections of the junior level heat transfer course were 

used for analysis. Both sections were taught back-to-back with the same instructor using the 

same quizzes and tests. The second class was given traditional lectures and was used as the 

Figure 8: Diagram of fin including how 

conduction and convection take place 

homework 

Figure 9: Screen shot of fin video provided to students. 
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control group consisting of 69 students, while the first class was the experimental section 

consisting of 65 students which was given the same lectures along with the six hands-on 

workshops.  Instead of having a workshop every week like in the first year, a workshop was 

taught every two to three weeks throughout the semester. It took the place of one of the 

homework assignments to keep the same required workload.  To gauge the progress of the 

students’ conceptual understanding for both the experimental and control groups throughout the 

semester, certain concept-specific questions were also given on tests and quizzes during the 

course.  The questions always had to do with concepts from a specific workshop and were asked 

on quizzes the week after said workshop was performed.  The two mid-term tests both consisted 

of 5 concept questions similar to those asked on the quizzes. 

 As a final evaluation, instead of giving a stand-alone concept quiz at the end of the 

semester like in the previous year, 10 concept questions were given on the final exam.  These 

questions included a few from the previous year’s 19 question concept test as well as new 

questions more focused on concepts specific to the course topics and workshops. 

 

2.6.3 Results and Discussion 

Just as in the previous semester, an initial concept inventory quiz given at the beginning of the 

course was used to establish equality between the sections. Results showed that the two sections were 

nearly equal in terms of their misconceptions. The average scores on the six-question quiz were 

51.3±3.26% correct for the control and 47.4±3.14% correct for the experimental group yielding a p-value 

of 0.4 with an alpha value of 0.05.  Since both sections had been given roughly equal exposure to heat 

transfer concepts from previous classes, there was no reason to suspect one section to have a better 

understanding of these concepts than the other. 
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2.6.3.1 Concept Questions on Quizzes and Tests 

Quizzes 3, 6, 7, and 11 all had at least one concept-specific question relating to the topic 

being taught in class and therefore in the workshops as well.  Each quiz was taken 3-4 days after 

the workshop on that specific quiz topic was performed.  Results from all of these quizzes are 

shown in Table 6.  This table provides the quiz topic (same as the workshop topic from the 

previous week), the scores on the concept specific questions, and the p-values (α=.05).  None of 

the concept specific questions on the quizzes yielded statistically significant differences between 

the groups. 

Table 6: Scores on concept-specific questions from quizzes throughout semester 

Quiz  Number 

and Topic 

Concept/ Question Control  

Score ± SE (%) 

Experimental 

Score ± SE (%) 

P-Values 

3.  Fins Heat Transfer Coefficient 80.0±4.99 69.0±6.13 0.1265 

Fin Length 84.1±4.64 86.2±4.57 0.7478 

6.  External 

Flow 

Sketch Heat Flux From a 

Surface 

61.9±6.17 72.7±6.06 0.2108 

7.  Internal Flow Plot Temperature Profiles 25.4±5.53 39.7±6.48 0.0932 

11.  Radiation View Factor Effects 50.8±6.35 56.9±6.56 0.5010 

 

The third quiz on fins was the first to include concept-specific questions, shown in Table 

7.  A portion of the second workshop had a hands-on demonstration of the effects of changing 

the heat transfer coefficient on a fin. 

Table 7: Concept questions given on the third quiz to test basic conceptual understanding of fins. 
Indicate what would happen to the fin efficiency and fin heat transfer of an individual fin initially 

having a fin efficiency of 70% (increase, decrease, or no effect) if: 

 Fin efficiency Fin heat transfer 

a) convective heat transfer coefficient is increased (Ans: Decrease) (Ans: Increase) 
b) the fin length is increased (Ans: Decrease) (Ans: Increase) 

 

One of the best ways to gauge conceptual knowledge is through questions that require students to 

provide plots and sketches of what is happening.  The quiz on external flow about halfway 

through the semester had a question that asked students to sketch the surface heat flux as a 
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function of x down the length of a surface with air blowing across it.  The next quiz on internal 

flow had a similar question asking students to provide plots of fluid and wall temperature down 

the length of a tube with a constant heat flux around the outside. 

Looking at the two tests that were given, 5 concept questions were given as the first 5 

problems on each.  For the first test, the only significant difference in scores came from the first 

question. Both of the first two questions were the same as those from the initial concept quiz.  

These questions are displayed in Table 8 with their results shown right below in Table 9.  The p-

values correspond to the test question results.  The questions explore the thermal response of 

materials with different thermal conductivities. The principle is that heat flux increases with 

thermal conductivity, but the corresponding surface temperature response is less. The first 

question focuses on the temperature change at the surface of a material. The experimental group 

yielded a 64.4% improvement on this question compared to a 12.5% improvement by the control 

group. The second question is about the heat flux at the surface of the material with a 19.4% 

improvement by the experimental group compared to a 6.2% for the control group. This student 

performance can be attributed to the fact that resistance diagrams and concepts of thermal 

resistance were stressed on all of the workshops throughout the semester.  

Table 8: First two concept-specific questions from the first test 

1.  Two solid materials of identical size are sitting at room temperature.  One has a low thermal conductivity 

(insulation) and the other has a high thermal conductivity (metal).  Indicate the relative thermal responses 

between the two materials when the same heat source is placed on each. 

             Which has the faster temperature rise at the surface? 

 

a) The low conductivity material 

b) The high conductivity material 

c) The two materials respond at the same rate 

2. Under the same conditions as question 1, which has a higher rate of heat flux at the surface? 

 

a) The low conductivity material 

b) The high conductivity material 

c) The two materials respond the same 
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Table 9: Results from the first two concept questions (Percent of Students with Correct Answers) 
Question 

Number 

Section Results from Initial 

Quiz ± SE (%) 
Results from First Test ± SE (%) P-Values 

 

1 

Control 7.94±3.43 20.6±5.14 
 

0.0001 
Experimental 8.62±3.72 72.3±5.92 

 

2 

Control 74.6±5.53 81.0±4.99 
 

0.2889 
Experimental 69.0±6.13 87.9±4.31 

 

Table 10 shows the remaining three concept questions that appeared on the first test.  

Questions 3 and 4 also stressed the concept of heat vs. temperature with question 4 being the 

only one that yielded a statistically significant difference between the two groups using an alpha 

value of 0.05.  The application, however, is more complicated than the first two questions 

because now convection has been added.  As convection is increased, the thermal resistance is 

decreased.  Most of the students understood that this will decrease the overall resistance of the 

wall and increase heat flux, as evidenced by the scores in Table 11.  The fact that this also 

decreases the temperature difference between the inside surface of the wall and the room 

temperature (which means the wall surface temperature is higher) was a lot less obvious to the 

students as shown by the scores for question 3. This is the one question on which the 

experimental group did not outperform the control group. The same principle is involved as the 

first two questions, but the added complexity clearly makes it difficult for many students to 

extend this concept to a more involved situation. 

For the fifth question on the test, students were asked to sketch plots of the temperature 

and heat flux for a straight fin. While the experimental group once again showed higher scores 

on both parts of this question, they still seemed to struggle with the underlying concept. 
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Table 10: The last three concept questions of the first test 

 

Table 11: Results from the last three concept questions on the first test 

Question Number Control Scores ± SE (%) Experimental Scores ± SE (%) P-Values 

3 39.7±6.21 24.1± 5.67 0.0661 

4 58.7±6.25 82.8±5.00 0.0034 

5 (Temperature) 71.4±5.74 84.5±4.80 0.0822 

5 (Heat Flux) 9.52±3.73 22.4±5.52 0.0498 

 

The second test had a similar format as the first with a set of five concept questions 

provided as the first of five problems.  The questions are shown below in Table 12 and the 

results are shown in Table 13.  Unlike on the first test, the experimental group scored worse than 

the control group on 4 out of the 5 concept questions and statistically significantly worse on 

question two using an alpha value of 0.05.  It is possible that for this question, the workshop 

students confused themselves by thinking about the workshop which involved hot air flowing 

3. Consider the wall of a house on a cold day. The inside of the house is warm. The conditions are the same for Case 

A and Case B except that the heat transfer coefficient on the inside surface of the wall is higher for case A than case 

B. Which is true under steady-state conditions?  

a. The inside surface temperature of the wall is higher for Case A than Case B. 

b. The inside surface temperature of the wall is higher for Case B than Case A. 

c. There is no difference in surface temperature. 

4.  Under the same conditions as question 3, which of the following is true?  

a. The heat flux through the wall is higher for Case A than Case B. 

b. The heat flux through the wall is higher for Case B than Case A. 

c. There is no difference in heat flux through the wall.  

5. A “straight” fin is mounted onto a wall that is maintained at 0
°
C. It has a convective heat transfer coefficient with 

the surrounding air of 10 W/m
2
-K at a temperature of 100

°
C. Neglect radiation and convection from the fin tip. 

Sketch the temperature and convective heat flux (to the fin) over it’s length from x = 0 to x = L when the fin 

efficiency is 60%. Approximate the correct limiting values. 
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through a room temperature tube while the concept question involves a heated tube.  What’s 

particularly interesting from these results, however, is the lack of better scores by the 

experimental group, especially on questions 3 and 4.  The 3
rd

 workshop on external flow 

involved having both thick and thin heated plates in front of the students and a fan to blow cool 

air across them.  The teaching assistant even made sure that each student got their hands on the 

plates to feel the different surface temperatures as they watched the videos.  The results from 

these questions seem to suggest that the videos had almost no effect on the students’ ability to 

answer this basic question on external flow. 

Table 12: Concept questions given as problem 1 on test 2 
1. For internal flow through a channel with constant wall temperature that is higher than the fluid temperature, 

how will the outlet fluid temperature change if the specific heat of the fluid is increased while all other flow 

properties are the same? 

a) Increase 

b) Decrease 

c) Remains the same 

2. For internal flow through a channel with a constant wall temperature that is higher than the fluid 

temperature, how will the overall heat transfer change if the specific heat of the fluid is increased while all other 

flow properties are the same? 

a) Increase 

b) Decrease 

c) Remains the same 

3. For laminar external flow parallel to a constant heat flux flat plate, how does the surface temperature vary 

along the plate? 

a) Increases with distance 

b) Decreases with distance 

c) There is no difference in surface temperature along the plate 

4. Mark all of the correct reasons for your answer to number 3 

a) The heat transfer coefficient is constant. 

b) The boundary layer thickness increases with distance along the plate. 

c) The heat transfer coefficient decreases with distance along the plate. 

d) The heat transfer coefficient increases with distance along the plate. 

e) The boundary layer thickness is constant. 

f) The heat flux is constant so the temperature difference has to be constant. 

5. If the diameter of a heated cylinder is increased, what is the impact on the heat flux from the exterior of the 

cylinder? Assume that the exterior fluid velocity (in crossflow) and all properties are the same and the cylinder 

temperature is the same. 

a) Heat flux increases 

b) Heat flux decreases 

c) Heat flux remains the same 
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Table 13: Results from test 2 concept questions 

Question Number Control Scores ± SE (%) Experimental Scores ± SE (%) P-Values 

1 77.8±5.48 67.2± 6.22 0.1933 

2 85.7±4.44 65.5±6.30 0.0088 

3 63.5±6.11 53.4±6.61 0.2621 

4 50.8±6.35 60.3±6.48 0.2905 

5 55.6±6.31 53.4±6.61 0.8161 

 

2.6.3.2 Final Exam Concept Questions 

At the end of the semester, ten concept questions were given on the final exam for both 

the experimental and control groups.  One question (question 5) was removed, however, due to 

ambiguity in its answer choices.  The nine remaining questions tested all six of the critical heat 

transfer concepts.  Of the nine questions, one was focused on the topic of radiation, two were 

about internal flow, and six focused on ideas of thermal resistance and the difference between 

heat and temperature: the crux of the course.  All nine of these questions are displayed in the 

appendix.  The question on radiation (question 1) was the only one that showed a statistically 

significant difference between the groups.  The results from this question, along with the average 

scores of the nine questions total are shown in Table 14.  A bar chart of all of the questions is 

displayed in Figure 10. 

Table 14: Average scores on question 1 and overall for final exam concept questions (question 1 

was the only one that yielded a statistically significant difference) 

 Control Scores ± SE (%) Experimental Scores ± SE (%) P-Values 

Question 1 63.5±6.11 82.1±5.16 0.0217 

Total Scores 63.8±1.94 66.8±2.10 0.3655 

 

Unlike the previous semester, the average scores on the final concept assessment was not 

significantly higher than the control group as seen from the averages and p-value.  Even on 

questions geared to specifically target ideas in the workshops, the experimental group did not 

outperform the control group.  As mentioned, six questions were on thermal resistance.  Of these 

6 questions, 4 referred to a figure showing a diagram exactly like one of their workshops.  It 
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involved sandwiching a heater between a metal and plastic plate, both exposed to convection.  

The questions asked about the relative values of heat flux and temperature through the plates as 

well as reasons to justify their answers.  In the workshop, the students were given that exact 

setup and allowed to feel the relative temperatures of the plates.  The video showed them the 

relative heat flux and temperature values for this situation, as well as what would happen if more 

thermal resistance was added to both the plates.   As indicated by the results in Table 14 and 

Figure 10, it seems that this workshop, as well as all of the other ones, had no effect on the 

students’ performance and conceptual understanding. 

One reason for this could be attributed to the fact that the videos placed the students in a 

passive state of mind.  In the first year, the students were forced to use the data acquisition 

software, take the data, and perform the experiment.  Their data directly reflected how well they 

performed the experiment.  This cause and effect method forced the students to think more about 

the plots and data being displayed in real time.  If they made a mistake in the experiment, they 

would be forced to think about why certain heat flux or temperature values didn’t look right, 

thinking back to the underlying concepts.  In the second semester, the videos were more or less 

mistake free.  The cause and effect structure was removed since the students were no longer 

taking the data.  They just passively watched the videos as if they were just another lecture.  This 

passive mindset disengaged the students and took away from the whole hands-on experience.  

On the other hand, forcing the students to take the data forces them to also be engaged in the 

experience and think about the concepts more. 
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2.6.3.3. Surveys 

Aside from the concept questions, just as in the first year, a survey was given to the 

students to gauge the benefit of the workshops from a qualitative standpoint.  The survey asked 

15 short answer and yes or no questions focused on how the students in the experimental section 

liked the workshops and if they believed the workshops helped them in their understanding of 

the concepts.  16 students from the experimental section took this particular survey.  Of those 16 

students, 15 students mentioned that the workshops were helpful in understanding the material, 5 

believed they learned the concepts better in the during the actual workshop than the lecture, 12 

believed the workshop sessions contributed significantly to their understanding of heat transfer 

concepts, 13 believed the hands-on nature of the workshops contributed significantly to their 

learning of the concepts, and 14 would recommend the workshops be offered to future versions 

Figure 10:  Results from concept questions on final exam. 
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of the class.  So while the results from the concept questions reveal otherwise, the students 

believed that the workshops were beneficial to their understanding of the difficult concepts.  This 

is worth noting because it is possible that the workshops have intrinsic value that can’t easily be 

measured quantitatively.  While the students’ problem solving skills can be assessed through 

textbook test problems linking to their homework and examples in class, conceptual 

understanding is much harder to assess.  It is possible that the concept questions or even the 

concepts themselves don’t reflect how students think about heat and temperature. 

 

2.6.4 Conclusions 
 

The addition of hands-on workshops for undergraduate students in Mechanical 

Engineering heat transfer classes has been demonstrated to improve their conceptual 

understanding of the material only if they are forced to engage and think about the experiment 

being performed. The introduction of video-enhanced instruction ended up yielding the opposite 

effects of what was originally hypothesized.  It was hypothesized that by not worrying about how 

they performed the experiment and tinkering with the data acquisition equipment, the students 

would be able to focus more on the underlying concepts.  Results from this study show that the 

opposite may be true.  By passively watching videos, the students become disengaged from the 

hands-on aspect of the workshops, which makes the workshops seem more like a lecture.  Taking 

the data forces the students to engage in the experiment and think more about why the data turns 

out the way it does.  The way the students perform the experiment has a direct effect on their 

results.  Results show the experimental group out-performed the control group in the first 

semester, but not the second.   

Future work should entail going back to the first semester workshop format but also 

thinking more about the underlying concepts and how to assess conceptual understanding.  As 
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seen from survey results, the students believed they understood the concepts better even though 

the concept question results reveal otherwise.  A study in student cognition of conceptual 

understanding and how to assess it should be performed.  It is possible that feeling heat transfer 

and performing experiments has intrinsic value that goes beyond results to multiple choice 

concept questions.  Future work should also entail trying to combine conceptual understanding 

with problem-solving skills.  The workshops will continue to be modified to better relate them to 

typical problems the students see on homework, tests, and quizzes.  A study will also be 

performed on how to convey concepts in order to help the students retain them even after they 

have finished taking the class. 
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Chapter 3 – Conclusions and Recommendations 

 

3.1 Conclusions 

 The conceptual knowledge of heat transfer students was significantly improved during 

the first year of the study involving the hands-on workshops, but not as much in the second year.  

It appears that even though the students were able to feel the experiments and watch pre-

recorded videos to simulate real time data, they were unable to improve on their conceptual 

knowledge as well.  Students really need to be forced to perform the actual experiment and 

record the data themselves in order to truly understand the concepts.  There seems to be intrinsic 

value in actively doing the experiment.  The more active an experiment is, the more students 

benefit from it.  The workshops should also continue to be given the week prior to the material 

being taught in lecture.  Many misconceptions seem to come from sitting in the lecture and just 

looking at equations without knowing what is physically happening.  Being able to see and touch 

a physical setup of a topic really helps to link concepts and equations. 

 Looking beyond the concept questions, the students’ problem solving skills lacked 

improvement from the workshops.  The students were unable to link the concepts they learned to 

the problems they had to solve on tests and quizzes.  This may be in part due to the nature of how 

the class is taught.  Completely separating the lecture and discussion of equations from the 

workshops may make it difficult for students to link concepts with application of the concepts. 

 Although the workshops showed little improvement with the students’ problem solving 

skills, surveys reveal that the students believed otherwise.  They thought the workshops gave 

them a real-world feel of the concepts and thus helped them in all aspects of the course.  They 

particularly liked being able to actually see what they learned in lecture much like they can in 

other classes and preferred having the workshops as part of the course over not having them.  
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This is worth noting because it shows that the students are excited when they walk into the 

workshop and enjoy them just like any other lab class.  While subjects like robotics are easy for 

the students to get excited about because of their intrinsic hands-on nature, this was one of the 

first times heat transfer was presented in such a way as to motivate students to physically 

participate in such an abstract subject. 

 Although the workshops were created using easily available materials and components, 

currently procured heat flux sensors are very expensive.  Research is being done to mass-

manufacture such sensors to make them available to students all over the country.  Future work 

should work to push forward the workshops and sensors to be used in mechanical engineering 

departments throughout the country. 

 The workshops should also continue to be revised so as to link the concepts more to 

problems the students see on homework and tests and what they are taught in their lectures.  The 

second semester of workshops started using control volume and resistance diagrams to help the 

students link every experiment to ideas of thermal resistance and the necessity of using a control 

volume for analysis.  This should be expanded to include problem-like scenarios on the 

workshops where the students are given a problem such as they might see on a quiz or test, 

perform an experiment that directly links to that problem, and then solve the problem using the 

data and information they collected from the experiment. 
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ME 3304: HEAT & MASS TRANSFER 

CHALLENGE-BASED WORKSHOP #1:  
TEMPERATURE AND HEAT FLUX MEASUREMENTS IN CONDUCTION 

 THE CHALLENGE  
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Objective: 

 Learn how to use sensors and data-acquisition instruments to take measurements of 

temperature and heat flux. 

 Gain an understanding of the difference between heat, energy, and temperature. 

 Gain an understanding of how to determine thermal properties of a material. 

 Gain an understanding of the difference between heat flux and temperature 

measurements. 

 

 

Challenge:  

You are the lead engineer working for NovaMaterials, an engineering firm specializing in 

heat transfer research.  

One of your clients recently shipped two material samples to your team for evaluation. These 

material samples are going to be used as a thermal barrier in a hydrogen fuel-cell automobile. 

Your client knows very little about the materials, and has asked for your help in identifying 

their thermal properties. Specifically, answer the following challenge question: 

 

Challenge Question: 

Which material is more thermally conductive? 
 

 

Available Equipment:  

In your laboratory, you have access to  

 a temperature sensor (a surface mount thermocouple) 

 a heat flux sensor 

 an electric heater that is mounted on a piece of insulation. The heater is set to run 

continuously. 

Both sensors are connected to a data acquisition unit (DAQ) that will record the results of the 

measurements taken from the two sensors. 

 

Design an experiment wherein your team uses these tools to determine the relative thermal 

conductivity of the two materials 



ME 3304: HEAT & MASS TRANSFER 

CHALLENGE-BASED WORKSHOP #1:  
TEMPERATURE AND HEAT FLUX MEASUREMENTS IN CONDUCTION 

 STEP 1: GENERATE IDEAS  
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The goal of this phase is to establish your experimental plan to answer the Challenge Question. 

As a team, discuss the following questions; use the answers to help motivate your strategy. 

 What is the difference between temperature and heat flux? 

 

 

 

 How could measurements of temperature and heat flux assist you in determining the 

thermal conductivity of these two materials? 

 

 

 

  

Next, frame your hypothesis: (write your answers in the spaces below) 

 

 How do you expect thermal conductivity to affect the measured temperature and heat flux 

of your samples?  

 

 

 

 

 

 

 

 

 What is your basis for this hypothesis? 

 



ME 3304: HEAT & MASS TRANSFER 

CHALLENGE-BASED WORKSHOP #1:  
TEMPERATURE AND HEAT FLUX MEASUREMENTS IN CONDUCTION 

STEP 2: GATHERING PERSPECTIVES AND RESOURCES & 

STEP 3: RESEARCH AND REVISE 
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 Consult the following information as needed. 

 Refine your planned experimental procedure as needed. 

 Consult the “Tips for Getting Started” section 

 

 

Review of Fourier’s Law and Thermal Conductivity: 

For heat conduction, the rate equation is known as Fourier’s law. For a one-dimensional 

plane wall having a temperature distribution T(x), the rate equation is expressed as: 

 
 The heat flux, q" (W/m

2
) is the heat transfer rate in the x direction per unit area 

perpendicular to the direction of transfer. It is proportional to the temperature gradient, 

dT/dx, in this direction. 

 The proportionality constant, k, is a transport property known as the thermal conductivity 

(W/mK). It is a material property. 

 

 

Tips for Applying/Removing the Sensors: 

 Both the thermocouple and the heat flux sensor are very fragile; Handle them carefully. 

 When removing the sensors from a material surface, pinch the wire down as you remove 

any tape (to support the connection between the wire and the sensor, which is susceptible 

to fatigue). 

 

 

Suggestions for Getting Started (EXPERIMENTAL SESSION #1): 

 

 Use the sensors to identify the difference between temperature and heat flux. 

 

 Collect heat and temperature data with the sensors and DAQ while: 

o Holding the heat flux sensor and temperature sensors in your hand (remember to 

be careful with the sensors; DO NOT bend them!) 

o Placing the sensors on a variety of materials around you (try them on the heater, 

the insulation, the two materials, etc.)  

o Try turning the heat flux sensor over – what is different about the measurement? 

 

 By comparing the results of these trials, determine what these two sensors are measuring. 
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Research and Revise 

 

 Once you have an understanding of how the sensors work, and what information they are 

capturing, refine your experimental plan as needed. 

 Provide a Schematic of how your team plans to set up your experiment (label the 

temperature and heat flux sensors and material sample) in order to answer the Challenge 

Question.  Use a pencil so that you can revise as necessary
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Use the provided insulation and heater in conjunction with the sensors and the two different 

materials to characterize the thermal response of the materials. 

 

 EXPERIMENTAL SESSION #2:  

o Evaluate the thermal conductivity of the polymer 

 Orient the sensors and metal sample as your group has planned. 

 Use the DAQ (and associated Labview and Matlab programs) to collect 

the data. 

o Evaluate the thermal response of the metal. 

 Orient the sensors and use the DAQ to collect data. 

 Print the resulting plots 

o When you are done, disassemble your experiment before the next group arrives at 

the station 

 

As you work towards answering the Challenge Question, answer the following questions: 

 

1. Are the tests that you are conducting transient or steady-state? How do you know? 

 

 

 

 

2. What are the relative values of temperature change and heat flux for the two materials? 

 

 

 

 

3. What can you tell about the relative thermal conductivity of the two materials? How? 

 

 

 

 

4. Attach and label (at least) four graphs of the temperature and heat flux combinations (i.e., 

temperature and heat flux as function of time for each material). 
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Discuss and answer the following questions: 

 

 

1. What different information is provided by the heat flux versus the temperature 

measurements? 

 

 

 

 

 

 

2. Did your results agree with your hypothesis from Step 1? Why or why not? 

 

 

 

 

 

 

 

3. What did you learn? What do you know now, that you didn’t know before? 
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EXPERIMENTAL SESSION #1: 

 

 On the laptop, open the appropriate folder (“Group 1” or “Group 2” in the workshop 

folder on the Desktop) 

 Select either of the Labview programs (“Metal” or “Plastic”) in the 

Desktop/Workshops/Workshop_1/Group# folder 

 Press “Run” button (at top left) to collect 20 seconds of data. 

 For this session, the data will not be saved so press the run button as many times as 

necessary to see how the sensors behave 

 

 

EXPERIMENTAL SESSION #2: 

 

 Orient the sensors and plastic sample as your group has planned 

 Select the Labview program “Plastic” in the Desktop/Workshops/Workshop_1/Group# 

folder 

 Start collecting data by clicking the “Run” button 

o Sensor data is automatically saved to the “Input_Data” folder 

 To analyze the data, open the “Output_Plots” folder 

(Desktop/Workshops/Workshop_1/Group#/Output_Plots) 

 Select the Matlab m-file “Workshop_1_Plots.m” 

 In Matlab, click “Run” (the “Play” button) 

 Enter your computer number, 1-5 (your number is written on the laptop) 

 Enter your group number (1 or 2) 

 Print the resulting plots 

o File  Print 

o Choose “HP Laserjet 400” 

 Repeat the procedure for the metal sample 

o Select the Labview program “Metal” in the 

Desktop/Workshops/Workshop_1/Group# folder 

 When you are done, disassemble your experiment before the next Group arrives at the 

station 
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Workshop 2



ME 3304: HEAT & MASS TRANSFER 

CHALLENGE-BASED WORKSHOP #2:  
 EXTENDED SURFACES (FINS)  

 THE CHALLENGE  

 

 

55 

 

Objective: 

 Learn how fins affect heat transfer. 

 Learn how convection flow affects fin performance. 

 Learn how to measure the convection heat transfer coefficient. 

 Gain an understanding of the difference between heat, energy, and temperature. 

 Gain an understanding of the difference between heat flux and temperature 

measurements. 

 

Challenge:  

You are the lead thermal engineer working for PowerElectronics, an engineering firm 

specializing in the design and manufacture of high-power, portable energy devices.  

Your colleague, a mechanical designer, has asked for your help in specifying extended 

surfaces (fins) for a new device to help with thermal management issues in the design. 

Specifically, you are asked to determine the convection heat transfer coefficient for the 

designed fin at two different wind conditions (low and high speeds). 

 

Challenge Questions: 

 What is the convection coefficient and overall heat transfer for the 

specified fin at two different wind conditions? 

 What is the efficiency of the fin? 
 

 

Available Equipment:  

Your experimental setup is composed of: 

 

 A straight fin of uniform cross section has been attached to the lab table. The is 23.5 cm 

long, 3.7 cm wide, and 0.48 cm thick.  

 A heater is located at the base of the fin. 

 Five (5) temperature sensors (surface mount thermocouples) have been placed along the 

length of the fin. One at the heater (x=0), and four along evenly spaced along its length (5 

cm, 10 cm, 15 cm, and 20 cm). 

 An additional temperature sensor is present to capture the temperature of the surrounding 

air. 

 A heat flux sensor (not mounted) 

 

     All of the sensors are connected to a data acquisition unit (DAQ), which will record the 

results measurements during experimentation. 

 

Use these tools to determine the convection coefficient and temperature distribution at two 

fan speeds. 
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The goal of this phase is to establish your experimental plan to answer the Challenge Questions. 

As a team, discuss the following questions; use the answers to help motivate your strategy. 

 Identify where conduction and convection takes place on the fin. 

 

 

 

 How does the thermal energy transfer from the heater to the air? 

 

 

 

 How could measurements of temperature and heat flux assist you in determining the 

convection coefficient over an extended surface? 

 

 

 

  

Next, frame your hypothesis: (write your answers in the spaces below) 

 

 How will the convection coefficient change between the two fan settings? 

 

 

 

 

 

 Will the net heat transfer increase or decrease? 

 

 

 

 

 

 What is your basis for your hypotheses? 
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 Consult the following information as needed. 

 Refine your planned experimental procedure as needed. 

 Consult the “Tips for Getting Started” section 

 

 

Review of Newton's Law of Cooling and the Convection Coefficient: 

     For heat convection, the rate equation is known as Newton's Law of Cooling. The rate 

equation is expressed as: 

 
The convective heat flux, q" (W/m

2
) is proportional to the difference between the surface and 

fluid temperatures, Ts and T∞, respectively. 

The proportionality constant, h, is termed the convection heat transfer coefficient (W/m
2
-K). 

It depends on conditions in the boundary layer, which are influenced by surface geometry, the 

nature of the fluid motion, and an assortment of fluid thermodynamic and transport properties. It 

can be determined at any surface location from heat flux and temperature measurements. 

 

 

 

Evaluating Fin Performance 

     The ultimate goal of a fin is the transfer of thermal energy qfin from a surface to a fluid. The 

amount of surface area added by the fin is therefore an important aspect of the problem in 

determining qfin. Note that the temperature distribution along the length of the fin (x-direction) is 

not uniform. Another important measure of fin performance is the ratio of the fin heat transfer to 

the heat transfer that would exist if the entire fin was uniform at the base temperature,  

 

qmax = hAs(To – T∞) 

 

This ratio is called the fin efficiency, η = qfin/qmax. It relates how efficiently the fin surface 

transfers heat to the surroundings.  

 

          To   h, T∞ 

 base heater 

 

 

   x 
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Use the provided setup and sensors to conduct your experiments at two different fan 

conditions. Print plots of the temperature and heat flux distributions for the two fan settings. 

 

Tips for Getting Started: 

 

 The locations of the six thermocouples are fixed. Their position cannot be changed.  

 Determining the appropriate location of the heat flux sensor is an important part of this 

challenge. 

o Hint: Think about how h is calculated (it is a function of heat flux and a 

temperature difference) 

o Hint: Use your hand to feel the fin temperature to get an idea of where the most 

convection is taking place. 

o Hint: Be sure to use the same heat flux location for both fin conditions. 

 

 EXPERIMENTAL SESSION #1: Evaluate the fin performance for wind condition #1  

o Place the heat flux sensor as your group has planned. 

o On the lab laptop, open the appropriate folder (Desktop/Workshops/Workshop_2) 

o Select the Labview program “Low_Fan”  

o Press “Run” button (at top left) to collect 20 seconds of data. 

o Sensor data is automatically saved to the “Input_Data” folder 

o To analyze the data, open the “Output_Plots” folder  

o (Desktop/Workshops/Workshop_2/Output_Plots) 

o Select the Matlab m-file “Low_Fan_Plots.m” 

o In Matlab click “Run” (the “Play” button) 

o Enter your computer number, 1-5 (your number is written on the laptop) 

o Print the resulting plots 

o When you are done, take your heat flux sensor off of the fin   

o Go to a table and analyze the results for this case on the following pages 

 

 EXPERIMENTAL SESSION #2: Evaluate the fin performance for wind condition #2  

o Place the heat flux sensor in the same location you did for Session #1 

o Select the Labview program “High_Fan”  

o Start collecting data by clicking the “Run” button 

o Open the “High_Fan.m” Matlab m-file  in the “Output Plots” folder 

o In Matlab click “Run” (the “Play” button); Print the resulting plots 

o When you are done, take your heat flux sensor off of the fin  

o Finish analyzing your results for both cases 

 



 

 

59 

 

As you work towards answering the Challenge Question, answer the following questions: 

 

5. What is the surface area of the fin? 

As =  

 

 

6. Does the fin appear to be at steady-state conditions? How do you know? 

 

 

 

7. Estimate the convection heat transfer coefficient from the heat flux and temperature 

measurements at the two fan settings: 

 

 Convection heat transfer coefficient (W/m
2
K) for Low Fan: 

 

 

 

 

 Convection heat transfer coefficient (W/m
2
K) for High Fan: 

 

 

 

 

8. Can you assume that the value of the convection coefficient is constant over the length of the 

fin? 

 

 

 

9. What is the relation between your temperature plot and the heat flux distribution on the fin? 

Sketch it below. What is the relation between this local heat flux and the total heat transfer, 

qfun? 

 

 

 q″ 

 

 

   x 

10. Estimate both the total heat transfer from the fin qfin and qmax using the convection coefficient 

(h) and the temperature measurements along the fin. 

 

Low Fan 
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qfin 

 

 

 

qmax 

 

 

 

High Fan 

 

 

qfin 

 

 

 

qmax 

 

 

 

11. Calculate the fin efficiencies at both fan speeds. 

 

Low Fan 



 

 

High Fan 

η 

 

 

 

12. Attach and label plots of the temperature distributions for the two fan settings. 
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Discuss and answer the following questions: 

 

 

4. How does temperature change along the length of the fin? 

 

 

 

 

 

 

5. How do changes in h affect fin performance? 

 

 

 

 

 

 

6. How is the convection coefficient affected by fan speed? 

 

 

 

 

 

7. Did your results agree with your hypothesis? Why or why not? 

 

 

 

 

 

8. What did you learn? What do you know now, that you didn’t know before? 
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Objective: 

 Gain an understanding of transient heat transfer. 

 Gain an understanding of how temperature and heat flux change with time. 

 Gain an understanding of the difference between heat, energy, and temperature. 

 Gain an understanding of the difference between heat flux and temperature 

measurements. 

 

Context and Challenge:  

As a senior engineer in the Thermal Engineering Branch at NASA Ames, one of your 

responsibilities is to evaluate new technologies for thermal protection of re-entry vehicles. One 

of the proposed sensors used in the arc-jet facility (for simulating re-entry conditions) uses the 

rate of temperature change to relate to the heat flux experienced by the test materials. Your task 

is to determine how to use these measurements. 

 

Challenge Questions: 

 How should the material respond to heating and cooling events? 

o How should the temperature of the material change over time? 

o How should the heat flux change over time? 
 

 

Available Equipment:  

Your experimental setup is composed of: 

 A piece of the metal that you are evaluating. It is aluminum with a mass of 14 grams, and 

dimensions of 6.3 cm x 2.5 cm x 0.6 cm.  

o A thermocouple has been mounted inside. 

o A heat flux sensor has been mounted to its surface. 

 A container with ice water, to be used to evaluate the material’s response to cooling. A 

thermocouple is submerged in the cold water to measure its temperature. 

 An electric hair dryer, to be used to evaluate the material’s response to heating. A 

thermocouple is attached to the hair dryer to measure the temperature of its air flow. 

 All of the sensors are connected to a data acquisition unit (DAQ), which will record the 

results measurements during 40-second long tests. 

 

Use these tools to determine the material’s transient response to thermal events. 
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The goal of this phase is to establish a hypothesis for the expected behavior of the metal. 

As a team, discuss the following questions. 

 Draw the curve you expect for the material’s temperature response to the cooling event 

as a function of time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Draw the curve you expect for the material’s temperature response to the heating event 

as a function of time. 
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 Draw the curve you expect for the material’s heat flux response to the cooling event as a 

function of time. 

 

 

 

 

 

 

 

 

 

 

 

 

 Draw the curve you expect for the material’s heat flux response to the heating event as a 

function of time. 

 

 

 

 

 

 

 

 

 

 

 

 What principle can you use to relate the change in temperature over time with the heat 

flux?   
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STEP 2: GATHERING PERSPECTIVES AND RESOURCES 
 

Lumped Capacitance Assumption 

The simplest method to model transient heat transfer is to assume that the material under 

consideration is at a uniform (but not steady) temperature. This often works well for high 

conductivity materials, such as metals. Specifically this assumption is good whenever the 

thermal resistance within an object is much less than thermal resistance outside of the object. The 

changing uniform temperature within the object can then be treated like a capacitative reservoir 

which absorbs or emits thermal energy according to its mass and specific heat. The energy 

conservation expressed by the first law of thermodynamics is 

 

 
 

The rate of change of internal energy in the system is  

 

 
 

The specific heat, C, of the aluminum is approximately C  = 900 J/kg-K and the mass of the 

sample is m = 14 grams. 

 

STEP 3: RESEARCH AND REVISE 
 Can you apply the lumped capacitance assumption to your experimental setup? Why or 

why not? 

 

 

 

 

 

 
 How does this affect your hypothesis? Can you apply the energy conservation equation to 

determine the heat flux from the rate of temperature change?   
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Use the provided setup and sensors to conduct your experiments. Evaluate the material’s heat 

flux and temperature responses over time by collecting heat flux and temperature data during two 

thermal events (cooling and heating). Print plots of the temperature and heat flux for the two 

events. 

 

USING THE DAQ  

 On the laptop supplied, open the appropriate folder (Desktop/Workshops/Workshop_3) 

 Select the appropriate Labview program (“Cooling” or “Heating”) 

 Press “Run” button (at top left) to collect 40 seconds of data. 

 Sensor data is automatically saved to the “Input_Data” folder 

 Print a table of your data for each case from the Labview front panel by clicking “file” then 

“print window” 

 To analyze the data, open Desktop/Workshops/Workshop_3/Workshop_3_plots 

 In Matlab click “Run” (the “Play” button) 

 Enter your computer number, 1-5 (your number is written on the laptop) 

 Print the resulting plots 

o Two plots will be printed for each thermal event (heat flux and temperature as a 

function of time)  

 

EXPERIMENTAL SESSION 

 Start with Cooling 

o The exercise will start with the metal at room temperature.  

o Select and start the cooling program to collect temperature and heat flux data for 40 

seconds. Once started place the metal in the ice water. 

 Then apply Heating 

o Remove the metal from the cold water and quickly dry it. 

o Place the metal on the foam insulation. 

o Set the blow dryer fan on “High” and let it heat up for about 10 seconds. 

o Select and run the heating program to acquire temperature and heat flux data. Then 

apply the hair dryer directly onto the top of the metal part.  

 Keep the dryer steady; don’t move it around the heat flux sensor 

 Keep the dryer 5 or 6 inches directly about the heat flux sensor. 

 

 Once you have obtained your plots and tables, return and work as a group to draw your final 

conclusions. 
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Examine the data that you collected. As you work towards answering the Challenge Question, 

answer the following questions: 

 

1. What is the surface area for the heat flux in the case of: 

 

 Cooling in Water – As =  

 

 

 Heating in Air – As =  

 

 

2. Estimate the heat flux from the rate of temperature change for cooling in water: 

 

 At Small Time 

 

 

 

 

 

 At Large Time 

 

 

 

 

3. Estimate the heat flux from the rate of temperature change for heating in air: 

 

 At Small Time 

 

 

 

 

 

 At Large Time 

 

 

 

 

4. Summarize the results and compare the values from the temperature measurements with the 

directly measured heat flux values.  

 

Measurement dT/dt (°C/s) q″ (W/m
2
) from dT/dt q″ (W/m

2
) from heat flux gage 

Cooling at small time    

Cooling at large time    

Heating at small time    
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Heating at large time    

 

Explain any differences. Is this what you expected? 

 

 

 

 

 

 

 

 

5. Why are the heat flux values smaller at large time than small time? 

 

 

 

 

 

 

 

 

 

6. Why is the rate of temperature change so much smaller for heating than cooling?  
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Discuss and answer the following questions: 

 

9. How does the temperature change with time? 

 

 

 

 

 

 

 

10. How does heat flux change with time? 

 

 

 

 

 

 

 

11. Can you predict the heat flux from the change in temperature? How? 

 

 

 

 

 

 

 

12. What did you learn? What do you know now, that you didn’t know before? 
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Objective: 

 Gain an understanding of the transient nature of heat transfer. 

 Gain an understanding of thermal resistance. 

 Gain an understanding of how to determine thermal properties of a material. 

 Gain an understanding of the difference between heat, energy, and temperature. 

 Gain an understanding of the difference between heat flux and temperature 

measurements. 

 

Context and Challenge:  

In the first workshop you were asked to compare the thermal characteristics of two materials. 

Your manager has now come back to you to measure the thermal conductivity of the new plastic 

product. It is also requested to determine the transient response of this material and a metal that 

will be used as part of the same system. To emphasize the distinction between the response 

between the metal and plastic, you decide to create a simple demonstration to make a lasting 

impression on your manager. You will have him put his hand on both materials at room 

temperature and feel the difference in thermal response and describe to him why it feels 

different.  

 

 

Challenge Question: 

Why does the metal feel different than the plastic? 
 

 

Available Equipment:  

In your laboratory, you have access to: 

 The two material samples (density and specific heat are known): 

o Metal (steel) 

 ρ = 7,800 kg/m
3
; C = 400 J/kg-K 

o Plastic 

 ρ = 1,200 kg/m
3
; C = 1,200 J/kg-K 

 A temperature sensor (a surface mount thermocouple), 

 A heat flux sensor 

 Both sensors are connected to a data acquisition unit (DAQ) that will record the results 

of the measurements taken from the two sensors. 

 You can use your hand as a heat source to measure the difference in response of the two 

materials 

 

Design an experiment wherein your team uses these tools to determine what is the 

insulation thermal conductivity and demonstrate why the materials feel different. 
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The goal of this phase is to establish a hypothesis for the expected behavior of the metal. 

As a team, discuss the following questions. 

 What is the initial temperature of the two materials? 

 

 

 

 

 How will the heat flux change as a function of time? 

 

 

 

 

 

 How will the magnitude of the heat flux differ between the two materials? 

 

 

 

 

 

 How will surface temperature change over time?  

 

 

 

 

 

Thermal resistance is defined as:      

 
 How will thermal resistance change as a function of time? Sketch a plot of R″ as a 

function of time. 

 

 

 

 

Next, frame your hypothesis: (write your answers in the spaces below) 

 

 What will you use to find the thermal conductivity? 

 

 

 How and why will the metal feel different from the plastic? 
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STEP 2: GATHERING PERSPECTIVES AND RESOURCES 
Transient conduction is the interplay between the conduction of thermal energy through a 

material and the thermal capacitance of the material. Before the thermal energy can move farther 

into the material it must first increase the temperature of the material locally. Consequently, the 

process appears to be that of increasing temperature diffusing into the material. It is almost like a 

wave propagating from the surface. The distance that it moves is proportional to  , where 

the thermal diffusivity of the material is . Consequently, the heat flux (which is 

proportional to thermal conductivity over distance) will be inversely proportional to the 

penetration depth. The analysis for one-dimensional transfer into a semi-infinite (thick) material 

with a sudden change of the surface temperature gives 

 

 
 

To appear semi-infinite the material just needs to be thick enough that the temperature on the 

back side does not change appreciably during the test.  

  

Thermal Resistance 

Thermal resistance is a measure of the resistance of a material to heat transfer. At steady state 

it is proportional to the thickness of the material divided by the thermal conductivity. For the 

transient case the effective thickness would change with time. The general definition for thermal 

resistance is 

 

 
 

This can be used with the data and with the analysis to compare measured versus theory.  

In the first workshop (#1) you used transient heat flux and temperature measurements to 

qualitatively determine the thermal conductivity of two materials. Now you have the additional 

background to actually determine values of thermal conductivity. 

 

STEP 3: RESEARCH AND REVISE 
 Provide a sketch of the experiment that your team will conduct to answer the Challenge 

Question. 
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Use the provided setup and sensors to conduct your experiments. Evaluate the materials’ 

response to your hand by collecting heat flux and temperature data. Make sure to cover both the 

temperature and heat flux sensors equally to give the same thermal conditions for both sensors.  

 

USING THE DAQ 

 On the lab laptop, open the appropriate folder (Desktop/Workshops/Workshop_4) 

 Select the appropriate Labview program (“Plastic” or “Metal”) 

 Press “Run” button (at top left) to collect 15 seconds of data. 

 Sensor data is automatically saved to the “Input_Data” folder 

 After you have obtained both data sets (plastic and metal) open 

Desktop/Workshops/Workshop_4/Output_Plots 

 Select the Matlab m-file “wkshp_4.m” 

 In Matlab click “Run” (the “Play” button) 

 Enter your computer number, 1-5 (your number is written on the laptop) 

 Print the resulting plots 

o Four plots will be printed: (i) material surface temperature and (ii) heat flux as a 

function of time for both material samples 

 

EXPERIMENTAL SESSION 

 Place the temperature sensor and the heat flux sensor near to each other on a material sample, 

with the second temperature sensor on the back side of the material. 

 Collect temperature and heat flux data. Everyone in the group should collect a set of data. 

o Start the Labview program first, then after one or two seconds place the palm of your 

hand on your setup 

 Use your hand as a heat source 

o Use your palm (not your fingertips) 

o Try to apply steady and uniform pressure over both sensors on the sample throughout 

the 15 second data collection period 

 Everyone in the group should take a complete set of data. You can pick the best ones to use 

for your analysis. 

 Once you have all obtained your plots, return to your table and work as a group to draw your 

final conclusions. 
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Examine the data that you collected. Identify the time at which you applied the thermal event 

(your hand). Use this as your time zero. Fill in the tables (one for plastic and one for metal). Plot 

your results for R″ versus time on the graph provided. Use the temperatures before the event to 

identify the proper initial temperature. Then calculate the values of thermal conductivity, k, using 

the measured R″ values, k =   

 

Plastic 

Time (s) q″ (W/m
2
) Tsurface – Tinitial (°C) R″ (m

2
-K/W) k (W/m-K) 

     

     

     

     

     

 

Metal 

Time (s) q″ (W/m
2
) Tsurface – Tinitial (°C) R″ (m

2
-K/W) k (W/m-K) 

     

     

     

     

     

 
                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

      Time (s) 

 

 

 

As you work towards answering the Challenge Question, answer the following questions: 
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 Does the material appear to be semi-infinite? Does the temperature on the back side of the 

material change?  

 

 

 

 How does the thermal resistance change as a function of time? 

 

 

 

 

 Why does the thermal resistance change with time? 

 

 

 

 

 

 How does the value of thermal resistance vary between the two materials? 

 

 

 

 

 

 Estimate the value of the thermal contact resistance between the sensors and the materials 

(R″ at zero time).  

 

 

 

 

 

 What is the difference in heat flux between the two materials? Even though the initial 

temperature of the insulation and the aluminum are nearly the same, why does the metal feel 

much colder than the insulation? 

 

 

 



ME 3304: HEAT & MASS TRANSFER 

CHALLENGE-BASED WORKSHOP #3:  
INTRODUCING TRANSIENT HEAT TRANSFER 

STEP 5: REFLECTION 

 

 

78 

 

Discuss and answer the following questions: 

 

1. Is thermal resistance constant during a thermal event? Why? 

 

 

 

 

 

2. Why were the thermal conductivity values for the metal unrealistic?  

 

 

 

 

 

 

3. How does the heat flux experienced by your hand influence the temperature that you feel? 

 

 

 

 

 

 

4. What did you learn? What do you know now, that you didn’t know before? 
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Objectives: 

 Gain an understanding of convection heat transfer coefficients. 

 Gain an understanding of fluid thermal resistance. 

 Gain an understanding of the factors affecting heat transfer coefficients. 

 Gain an understanding of the difference between heat flux and temperature. 

 

Context and Challenge:  

You are a newly-hired engineer at MakerBot – a 

company that makes desktop-scale 3D Printers. 

Your team has discovered that the printed part 

quality significantly improves if there is a high 

value of heat transfer coefficient (100 W/m
2
-K) 

over the heated flat build plate. 

Your manager suggests using a fan to generate 

the necessary air flow, but has no idea how to orient 

the air flow over the plate. Should it flow parallel to 

the plate? Or should it flow perpendicular to the 

plate? 

The team looks to you to determine the best fan 

orientation. Specifically, answer the following Challenge Question: 

 

Challenge Question: 

How should the fan be oriented to the plate in order to  

obtain the maximum uniform heat transfer coefficient? 
 

Available Equipment:  

Use the instrumentation supplied to investigate how the fan orientation affects convection 

over the plate. In your laboratory, you have access to: 

 A thin plate, which is mounted on a thin electric heater. 

 A fan. 

 Two temperature sensors, (embedded thermocouples) mounted on the left and right sides 

of the plate. 

 Two heat flux sensors 

 A thermocouple, which is mounted at the exit of the fan to measure the air temperature 

 Both sets of sensors are connected to a data acquisition unit (DAQ) that will record the 

results of the measurements taken from the two sensors. 

 

Design an experiment wherein your team uses these tools  

to determine the optimum fan orientation. 

 

Fig. 1. MakerBot 3D Printer and Heated Build Plate 
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The goal of this phase is to establish a hypothesis for the fan orientation. 

As a team, discuss the following questions. 

 What generally happens to the thermal boundary layer thickness as fluid flows along a 

plate? Provide a brief description and sketch a thermal boundary layer on a heated flat 

plate below. 

 

 

 

 

 

 How is the heat transfer coefficient affected by the boundary layer thickness? 

 

 

 

 For the case of perpendicular flow to the plate, provide a brief description and sketch a 

thermal boundary layer on a heated flat plate below. 

 

 

 

 

Next, frame your hypothesis: (write your answers in the spaces below) 

 

 What arrangement do you predict to give the largest heat transfer coefficient? Why? 

 

 

 What arrangement do you predict to give the most uniform heat transfer coefficient? 

Why? 
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STEP 2: GATHERING PERSPECTIVES AND RESOURCES 

 
Boundary Layers  

Boundary layers form in fluids next to solid 

surfaces as a function of the geometry and 

fluid motion. They represent the thermal 

resistance in the fluid between the surface 

and the free stream temperature of the fluid. 

The thermal boundary layer thickness is the 

distance from the body at which the 

temperature is 99% of the temperature found in the free stream. 

 

Heat Transfer Coefficient 

The heat transfer coefficient is defined as   

 

 
 

The heat transfer coefficient represents the conduction of heat through the boundary layer next to 

the surface. Consequently, the heat transfer coefficient will be proportional to the thermal 

conductivity of the fluid and inversely proportional to the thermal boundary layer thickness.  

 

Thermal Resistance 

The thermal resistance of the boundary layer is the inverse of the heat transfer coefficient. 

 

 
 

Consequently, the resistance increases as the boundary layer becomes larger for a given fluid 

thermal conductivity.  
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STEP 3: RESEARCH AND REVISE 

 
 A preliminary sketch of the plate and temperature sensors is provided below. Complete 

the sketch to illustrate the setup that your team will use to answer the Challenge 

Question. (i.e., where will you place the heat flux sensors?) 

 

 

 
How will your team determine the heat transfer coefficient?  

 Provide the equation(s) you will use. State which variables you will be able to measure, 

and how they will be measured. 

 

 

 

 

 

Update your hypothesis as needed given the information you gained in Step 2. 

 What orientation do you predict to give the most uniform heat transfer coefficient? 

 

 
 What orientation do you predict to give the largest heat transfer coefficient? 
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Use the provided sensors to conduct your experiments. Your goal is to see how the fan 

orientation affects the heat transfer from surfaces.   
 

USING THE DAQ 

 On the lab laptop, open the appropriate folder (Desktop/Workshops/Workshop_5) 

 Select the Labview program (“Boundary_Layer”) 

 Press “Run” button (at top left) to collect 15 seconds of data. 

 Sensor data is automatically saved to the “Input_Data” folder 

 To analyze the data, open Desktop/Workshops/Workshop_5/Output_Plots 

 Select the Matlab m-file “Wkshp_5.m” 

 In Matlab click “Run” (the “Play” button) 

 Enter your computer number, 1-5 (your number is written on the laptop) 

 Enter if the data corresponds to is parallel or perpendicular air flow 

 Print the resulting data (one sheet): 
 

EXPERIMENTAL SESSION 

 Place the heat flux sensors on the heated plate as your team decided 

 The Labview program is set to take 15 seconds of data and then average the collected values 

over that time. 

 First, orient the fan parallel to the plate.  

 Start the fan and then start the data acquisition program. 

o The fan has a small button on the side that locks the fan to the “On” setting so that 

you don’t have to hold the main button down the whole time. 

 Run Matlab to print your results. 

 Repeat the procedure for different fan orientations 
 

Evaluate your Results: 

 Air flow parallel to the plate with the gages at the front edge (to calculate hfront). Calculate: 

 

Tair =       q″ =  

 

 

Tplate =       hfront =  
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 Air flow parallel to the plate with the gages at the back edge (to calculate hrear). Calculate: 

 

Tair =       q″ =  

 

 

Tplate =       hback =  

 

 

 

 Air flow perpendicular to the plate with the gages (to calculate hright & hleft). Calculate: 

 

Tair =       q″right =    q″left =  

 

 

 

Tplate =       hright =  

 

 

       hleft =  

 

 

 

Examine the data that you collected and the heat transfer coefficient you calculated for 

each orientation. As you work towards answering the Challenge Question, answer the 

following questions: 

 

 How does the position of the fan relative to the plate affect the measured value of the heat 

transfer coefficient? 

 

 

 

 

 Which fan position has the largest value of heat transfer coefficient? 

 

 

 

 

 Which fan position has the largest thermal resistance in the air? 
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 What does this indicate about the thickness of the thermal boundary layer in the air? 

 

 

 

 

 Explain the relative values of the heat transfer coefficient you measured for the different fan 

orientations.  

 

 

 

 

 

 Plot the profile of heat transfer coefficient as a function of distance along a plate for the 

different arrangements. 
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Discuss and answer the following questions: 

 

 

13. How does the heat transfer coefficient change over the distance of a plate? Why? 

 

 

 

 

 

 

 

14. Which fan position should MakerBot use to get the highest convection? Why? 

 

 

 

 

 

 

3. Which fan position should MakerBot use to get the most uniform convection? Why? 

 

 

 

 

 

 

 

4.  What did you learn? What do you know now, that you didn’t know before? 
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Objectives: 

 Gain an understanding of convection heat transfer coefficients. 

 Gain an understanding of fluid thermal resistance. 

 Gain an understanding of the factors affecting heat transfer coefficients. 

 Gain an understanding of the difference between heat flux and temperature. 

 

Context and Challenge:  

Your manager has an idea to cool a stream of gas using some aluminum square channels that 

are available. He wants you to size the system and evaluate its thermal performance. The 

channels are one-inch square outside dimensions, with a 1/16 inch wall thickness. Your 

challenge is to determine how long the channels need to be to cool the flow to below 30°C. The 

channel you have to test is four feet long. 

Specifically, answer the following Challenge Question: 

 

Challenge Question: 

Based on your measurements, estimate the length of channel that will be 

required to satisfy the needed heat transfer. 
 

Available Equipment:  

Use the instrumentation supplied to investigate how convection affects the outlet 

temperature. In your laboratory, you have access to: 

 A thin-walled channel, which has a thermocouple and heat flux sensor pair attached at 

two locations along the length of the channel. 

 Thermocouples have been inserted into the flow at the inlet and also at two positions 

along the channel. 

 A hair dryer supplies the heated flow with an air velocity that has been measured to be 

about 10 m/s. 

 The four thermocouples and two heat flux sensors are connected to a data acquisition 

unit (DAQ) that will record the results of the measurements taken from the sensors. 

 

Is this experiment sufficient for your team 

to determine the optimum channel length? 
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The goal of this phase is to establish a hypothesis for the channel operation. 

As a team, discuss the following questions. 

 What generally happens to the thermal energy as it is transported by the fluid flow in the 

channel? Provide a brief description and sketch the temperature of the flow as it goes 

down the channel in the x direction. 

 

 

         

        T 

  

 

 

         x 

 

 How does the temperature of the channel wall change in the x-direction? Sketch it on the 

graph above. 

 

 

 

 

 

 How does the heat transfer coefficient of the flow on the inside of the channel change in 

the x-direction? Sketch it on the graph below.  

 

 

  

    h 

 

 

 

         x 

 

 

 

 

 

 

 

 

Next, frame your hypothesis: (write your answers in the spaces below) 
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 Do you expect the flow in the channel to be laminar or turbulent? What is the resulting 

effect on the heat transfer coefficients? 

 

 

 

 

 

 

 

 

 

 Do you expect there to be an entrance length in the channel like you observed with 

developing boundary layers on a flat plate? How would this be seen? 
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For flows inside of a conduit, the fluid temperature changes as the thermal energy is 

transferred into or out of the fluid. Moreover, the thickness of the fluid boundary layer is limited 

by the internal size of the structure. The flow can be either laminar or turbulent. The criterion is 

based on the Reynolds of the flow using the diameter of the tube as the length scale. The usual 

range for transition from laminar to turbulent flow is between Reynolds numbers of 2,000 and 

10,000.  

An energy balance on the flow can be used to relate the rate of enthalpy change of the fluid 

with the heat flux from the wall into the fluid  

 

 
 

where  is the mass flow rate of the fluid and P is the perimeter of the channel. 

A popular correlation for the Nusselt number for turbulent flow in a tube is 

 

 
 

where n = 0.3 for cooling the flow. The property values for air at these temperatures are: k 

=0.028 W/m-K, Cp = 1,000 J/kg-K, ρ = 1.1 kg/m
3
, ν = 1.8 x 10

-5
 m

2
/s, Pr = 0.7.  

There is also a definition for the hydraulic diameter for calculating the Reynolds number 

 

 
where Ac is the cross-sectional area of the channel and P is the wetted perimeter. The overall 

heat transfer coefficient is defined as   

 
 

Note that the heat flux is measured on the outside of the channel. Consequently, because the heat 

transfer on the inside and outside of the channel must be the same, the area difference must be 

included 

 
 

where Ai = L x Inside perimeter and Ao = L x Outside perimeter. The heat transfer coefficients 

will be in terms of the inside and outside fluid temperatures 
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On the table at the front of the room is a square aluminum channel with a combination of one 

thermocouple welded onto the outside channel wall, one thermocouple in the flow inside the 

channel and one heat flux gages mounted on the outside surface of the channel at two locations 

(positions 1 and 2 along the length of the channel). A hair dryer is used as the source of hot air 

flowing inside the channel. Use the large axial flow fan to circulate air on the outside of the 

channel. One thermocouple measures the entering air temperature and one thermocouple measures 

the outside air temperature.  

 
How will your team determine the heat transfer coefficient?  

 

 Evaluate the thermal resistance of the wall. The thermal conductivity of aluminum is k = 

175 W/m-K. Is this resistance significant for heat transfer coefficients less than 100 

W/m
2
-K?  

 

 

 

 

 

 

 

 

 

 Provide the equation(s) you will use to determine the heat transfer coefficient. State 

which variables you will be able to measure, and how they will be measured. 
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Use the provided sensors to conduct your experiments. Your goal is to observe the rate at 

which convection occurs as well as the changes the internal air temperature.   

 The Labview program is set to take 20 seconds of data and then average the collected values 

over that time. 

 First, run with the external fan blowing across the channel.  

 Start the hair dryer and direct the flow through the channel. Allow about 40 seconds to reach 

steady-state. Then start the data acquisition program. 

 Run Matlab to print your results. 

 

Evaluate your Results: 

 

Toutside air = 

 

Tinlet air =  

 

Channel Position 1     Channel Position 2 

q″ =       q″ = 

Tinside =       Tinside = 

Twall =       Twall = 

hinside =       hinside = 

houtside =      houtside = 

 
       

Examine the data that you collected and the heat transfer coefficients you calculated. As 

you work towards answering the Challenge Question, answer the following questions: 

 

 Is the heat transfer coefficient uniform on the inside of the channel? Why or why not? 

 

 

  

 

 

 How do your values of heat transfer coefficient inside the channel match with those 

calculated from the correlation that was provided? Do you believe the values? Why? 
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 Plot the profile of the temperatures as a function of distance along the channel. 

 
                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

                       

 

 

 Estimate the length of channel required to reach an internal flow temperature of 30°C, L =   

 

 

 

 

 

 

 

 

 

 Justify your value of L based on the plot and the values of   you calculated.  
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Discuss and answer the following questions: 

1. What are the two reasons that the heat flux changes along the length of the channel? 

 

 

 

 

 

 

2. Why does the value of   change along the length of the channel? 

 

 

 

 

 

3. Why is the heat transfer coefficient different at positions 1 and 2 of the channel? 

 

 

  

 

 

4. What general method could you use to determine the internal fluid temperature distribution as 

a function of the axial distance along the channel? 

 

 

 

 

 

5.  What did you learn? What do you know now, that you didn’t know before? 
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Objectives: 

 Gain an understanding of convection heat transfer coefficients. 

 Gain an understanding of fluid thermal resistance. 

 Gain an understanding of the factors affecting heat transfer coefficients. 

 Gain an understanding of the difference between heat flux and temperature. 

 

Context and Challenge:  

Last workshop your manager wanted to cool a stream of gas using aluminum square 

channels. You were to size the system based on heat flux and temperature measurements at two 

locations on the channel. Your challenge this week is to determine a better way to analyze and 

estimate the channel length needed to cool the flow to below 30°C. You have the same four foot 

long channel, but a number of additional thermocouples have been added to give more detail 

about the change in the flow temperature. Is there a model of the system that you can use for the 

entire temperature distribution in the channel to match with your measurements to extrapolate to 

the 30°C point?  

Specifically, answer the following Challenge Question: 

 

Challenge Question: 

Based on your measurements and analysis, estimate the length of channel that 

will be required to satisfy the needed transfer. 
 

Available Equipment:  

Use the instrumentation supplied to investigate how convection affects the internal flow 

temperature. In your laboratory, you have access to: 

 A thin-walled channel, which has a thermocouple and heat flux sensor attached at one 

location along the length of the channel. 

 Thermocouples have been inserted into the flow at 8 locations along the channel. 

 A hair dryer supplies the heated flow with an air velocity that can be measured with a 

Pitot tube and manometer. 

 A fan supplies room temperature air over the outside of the channel as the heat sink.  

 The thermocouples and the heat flux sensor are connected to a data acquisition unit 

(DAQ) that will record the results of the measurements taken from the sensors. 

 

Can you use the additional measurements and analysis provided this week to do a better 

estimate of the required channel length than last week?
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The goal of this phase is to establish a hypothesis for optimizing the channel operation. 

As a team, discuss the following questions. 

 Sketch the expected temperature of the air on the outside of the channel and the 

temperature of the flow inside the channel in the x direction. 

 

 

 

 

         

        T 

  

 

 

         x 

 

 How does the overall heat transfer coefficient U change in the x-direction? Sketch it on 

the graph below.  

 

  

    U 

 

 

 

         x 

 

Next, frame your hypothesis: (write your answers in the spaces below) 
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 If you can determine the overall heat transfer coefficient, can you predict the temperature 

profile throughout the channel length? How? 

 

 

 

 

 

 

 

 

 

 Should the predictions match with the measured temperature values? 
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An energy balance on the flow can be used to relate the rate of enthalpy change of the fluid 

with the heat flux from the wall into the fluid  

 

 
 

where  is the mass flow rate of the fluid and P is the perimeter of the channel. In terms of a 

uniform temperature heat sink To, the temperature distribution is  

 

 
 

The average overall heat transfer coefficient is defined as   

 
 

Last week you measured the heat transfer coefficients on the inside and outside of the channel. 

Often the more useful quantity is the overall heat transfer coefficient from the heat source to the 

heat sink. You can assume that the value you measure at the mid-point of the channel represents 

the average over the length of the tube. The property values for air at these temperatures are:  

k =0.028 W/m-K 

Cp = 1,000 J/kg-K 

ρ = 1.1 kg/m
3
 

ν = 1.8 x 10
-5

 m
2
/s 

Pr = 0.7.  

On the table at the front of the room is a square aluminum channel with a combination of 

eight thermocouples evenly spaced in the flow inside the channel and one heat flux gage 

mounted on the outside surface of the channel at center of the channel. A hair dryer is used as the 

source of hot air flowing inside the channel. Use the large axial flow fan to circulate air on the 

outside of the channel. One thermocouple measures the outside air temperature. A Pitot tube and 

manometer are available to measure the velocity of the internal flow at the exit of the channel. 

The Bernoulli equation is used to relate the measured pressure difference  to the velocity 
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 How will your team determine the overall heat transfer coefficient from the 

measurements?  

 

 

 

 

 

 

 

 

 Provide the equation(s) you will use to determine overall the heat transfer coefficient. 

State which variables you will be able to measure, and how they will be measured. 

 

 

 

 

 

 

 

 How will your team determine the mass flow rate of the internal flow? 
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Use the provided sensors to conduct your experiments. Your goal is to observe the changes of 

the internal air temperature and show how to quantify it.   

 The Labview program is set to take 20 seconds of data and then average the collected values 

over that time. 

 Start the hair dryer and direct the flow through the channel. Allow about 40 seconds to reach 

steady-state. While the temperatures are reaching steay state, measure the average flow 

velocity. Then start the data acquisition program for the temperatures and heat flux. 

 Run Matlab to print your results and plot the inside temperature distribution. 

 

Evaluate your measured results: 

 

Toutside air = 

 

Tinlet air =  

 

Δp =  

 

Velocity, V =  

 

Center Channel Position      

q″outside = 

q″inside =        

Tinside =              

Uoutside = 

Uinside =           
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Examine the data that you collected and the heat transfer coefficients you calculated. As 

you work towards answering the Challenge Question, answer the following questions: 

 

 Based on your measured overall heat transfer coefficient, calculate the predicted flow 

temperature as a function of distance x along the channel. Mark these values on the plot with 

the measured values. Include the distribution of the outside air temperature also.  

 

 

 

 

 

 

 How do the calculated values compare with the measurements? 

What are the possible reasons for discrepancies? 

 

 

 

 

 

 

 

 Based on your analysis, calculate the length of channel required to reach an internal flow 

temperature of 30°C. Show your algebraic and numeric answers. 

 

L =   

 

 

L =  
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Discuss and answer the following questions: 

1. What basic principle do you use to predict the change in flow temperature in the channel? 

 

 

 

 

 

2. What assumption do you use about the overall heat transfer coefficient to predict the change in 

flow temperature along the channel? 

 

 

 

 

 

3. How is the prediction method for the required channel length this week different than last 

week? 

 

 

 

 

 

4. Is your calculation of the required channel length better than the last workshop?  

Why? 

 

 

 

 

 

5.  What did you learn? What do you know now, that you didn’t know before? 
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Objectives: 

 Gain an understanding of the mass transfer process. 

 Gain an understanding of fluid mass transfer resistance. 

 Gain an understanding of the relation between heat and mass transfer. 

 

Context and Challenge:   

Your manager has a cloth dying process that entails drying the cloth as the final step. The 

business is booming with a big new order and he wants to run the dryer at a higher speed by 

converting to a jet impingement dryer. The manufacturer has some rather outrageous claims and 

he wants you to check it out. As a first step, you are supplied with a single jet (with a fan) to test. 

You have available a heat flux sensor and thermocouples from previous workshops and a scales 

that can be used to measure the mass of water. Specifically, answer the following Challenge 

Question: 

 

Challenge Question: 

Is the air temperature and the transient effect important when determining the 

water evaporation rate for the jet impingement system? 
 

Available Equipment:  

Use the instrumentation supplied to investigate how convection affects the internal flow 

temperature. In your laboratory, you have access to: 

 A small pan with a wet piece of cloth. A thermocouple has been inserted to monitor the 

water temperature. 

 The pan sits on a scale to monitor its weight during evaporation.  

 A plate with a heat flux sensor and thermocouple attached to the surface to measure the 

heat transfer coefficient from the jet. 

 A hair dryer supplies the heated flow with a thermocouple to measure the temperature of 

the air supplied. 

 A fan supplies room temperature air over the outside of the channel as the heat sink.  

 The thermocouples and the heat flux sensor are connected to a data acquisition unit 

(DAQ) that will record the results of the measurements taken from the sensors. 

 

 

Can you separate the mass transfer from the heat transfer? How are they connected? 

 

 

        J        q 

 

 

   Scales 
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The goal of this phase is to establish a hypothesis for the evaporation process. 

As a team, discuss the following questions. 

 How much energy is required to evaporate water? 

 

 

          

 

 What are the possible sources of the energy required for the evaporation? 

 

 

 

 

 

 What is the effect of heating the air on the evaporation process? 

 

 

 

 

 

Next, frame your hypothesis: (write your answers in the spaces below) 

 

 If you measure the heat transfer coefficient, can you use that to help determine the source 

of energy for evaporation?  

 

 

 

 

 

 

 If the thermal energy supplied is not sufficient for the mass transfer occurring, what will 

happen to the temperature of the water system?  
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The latent heat of vaporization describes the energy required for the phase change from 

liquid to vapor of water. At room temperature for water this has a value of approximately hfg = 

2440 kJ/kg. Consequently, the enthalpy of the evaporation is , where J represents the mass 

transfer rate in units of kg/s. 

A transient energy balance can be used to relate the rate of energy change of the water in the 

pan with the heat flux into the water q″ and the mass flux J″ from the water  

 

 
 

with m the mass of the water in the pan and C = 4180 J/kg-K the specific heat. The three effects 

have to balance within the measurement error. At steady state the temperature of the water is no 

longer changing. This temperature is called the “wet bulb” temperature. It occurs when the 

convective heat transfer exactly matches the energy transfer required for the mass transfer. When 

the surface is above the wet bulb temperature the convection is lower and the mass transfer is 

higher, which causes the temperature to decrease. Below this temperature the opposite is true. 

The wet bulb temperature is a function of the humidity in the air and the temperature of the air. It 

increases as the humidity increases and the air temperature increases.   

On the table at the front of the room is a pan of water on a scales with a thermocouple to measure 

the temperature. A hair dryer is used as the source of air flowing as a jet normal to the water 

surface. One thermocouple measures its air temperature. A plate with a heat flux sensor and 

surface thermocouple is also provided.  
 Show how your team will determine the heat transfer coefficient. State which variables 

you will be able to measure, and how they will be measured. 

 

 

 

 Show how your team will determine the mass transfer rate. Assume it is constant over the 

time of the measurement. What equations will you use?  

 

 

 

 Show how your team will determine the rate of temperature change and the 

corresponding energy change. What equations will you use? 
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Use the provided sensors to conduct your experiments. Your goal is to observe the rate at 

which evaporation occurs as well as the other two energy sources and sinks.   

 The first Labview program is set to take 20 seconds of data with a hair dryer and plate 

provided to determine the heat transfer coefficient provided by the hair dryer.  

 First, turn on the hair dryer and let it warm up for 30 seconds. Put it normal to the plate, six 

inches away. Turn on the data acquisition to take data for 15 seconds.  Select ‘file: print 

window’ at the top of the screen. 

 Start the second Labview program, which runs for 120 seconds. Note the mass of the pan 

before and after applying the hair dryer normal to the pan, six inches away. Print window. 

 Repeat the second test with the heater turned off (blue button).   Hold button and blow air for 

30 seconds to allow air to cool before testing. 

 

Evaluate your measured results: 

Plate Measurements 

Tair =     Tplate =  

 

q″plate =    h = 

Water Measurements (Hot Air)  Tair =  Water Measurements (Cool Air)  Tair = 

Δm =       Δm =  

J =        J =  

a) Jhfg =      a) Jhfg = 

Tinitial =      Tinitial = 

Tfinal =       Tfinal = 

Aq″water conv =      Aq″water conv =  

Aq″water conv –Jhfg =     Aq″water conv –Jhfg = 

% Total Error in a) =       % Total Error in a) = 

Measured transient     Measured transient  

% Transient error in a) =     % Transient error in a) =   
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Examine the data that you collected. As you work towards answering the Challenge 

Question, answer the following questions: 
 

 What do the negative values for the cool air tests indicate about the energy transfer?  

 

 

 

 

 How much lower is the heat flux in the cool case (%)? 

 

 

 

 How much lower is the mass transfer in the cool case (%)? 

 

 

 

 Why is there such a discrepancy in the change of heat flux vs. mass transfer between the hot 

and cool air cases? 

 

 

 

 

 

 What should the value of Aq″water conv –Jhfg be at steady-state (at the wet bulb temperature)? 

 

 

 

 

 

 What is the biggest change in the test that should be instituted to achieve more accurate 

measurements of mass transfer? 
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Discuss and answer the following questions: 

 

1. Why is the wet bulb temperature always lower than the temperature of the air from the hair 

dryer?  

 

 

 

 

 

2. Why does the temperature of the water change when the hair dryer is applied? Is there a 

situation in which it would not change?  

 

 

 

 

 

3. Estimate how long you would have to wait to obtain a mass transfer measurement with less 

than 5% error due to transient effects. How could you check during the test? 

 

 

 

 

4. Why is time of the test not a problem for the heat flux measurements?  

 

 

 

 

 

5.  What did you learn? What do you know now, that you didn’t know before? 
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Objectives: 

 Gain an understanding the of operation and design of heat exchangers 

 Gain an understanding of the parameters used to quantify heat exchanger performance 

 

Context and Challenge:   

You are a design engineer for ACME 

Brewery. Beer sales have continued to increase, 

and your manager has asked you to redesign the 

heat exchanger to increase beer production. The 

aptly-named HT2CLD-2300 is a concentric tube 

heat exchanger, which is used for cooling in the 

beer brewing process. To help you in this task, a 

notebook in Mathematica has been created to 

allow for a dynamic simulation of the heat 

exchanger's performance. By adjusting the variable 

sliders, you can observe and record the effects from 

the temperature distribution plot and from the calculated values.  

Your goal is to increase the production rate of beer by at least 50%, with a minimum increase 

of net power required into the system. 

 
 

Challenge Question: 

Can you provide the increased production with the current heat exchanger? 
 

Available Equipment:  

Your computers have been pre-loaded with Wolfram's CDF Player, which can run and play 

read-only Computable Document Format files saved by Mathematica, similarly to Adobe's PDF 

software. If you do not have access to a lab computer, you can download the free CDF Reader at 

the following link: https://www.wolfram.com/cdf-player/. Please download the CDF file and run 

it on your computer. 

 

Design an efficient heat exchanger by optimizing a variety of parameters 

 

https://www.wolfram.com/cdf-player/
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The goal of this section is to establish a hypothesis for which variables in a heat exchanger 

system are the most critical to the overall performance. Please do NOT open the Mathematica 

CDF file until instructed to do so. 
 

As a team, discuss the following questions: 

 

 What is the physical difference between a parallel-flow and counter-flow orientation of a 

heat exchanger? Sketch a diagram of the two different types and the flow directions of 

the hot and cold streams. 

 

 

 

 

 

 

 Why can you simply not "max out" the efficiency of the heat exchanger? That is, what 

parameter can negatively affect the cost of operating the system, even if you design a 

very efficient heat exchanger? (Hint: See Figure 2) 

 

 

 

 Do you think a larger mass flow rate would allow for more total heat transfer? Why or 

why not? 

 

 

 

 What happens to the heat transfer coefficient when the mass flow rate is changed? 

 

 

 

 

Next, frame your hypothesis: 

 

 How do you propose to match the needed flow rates with the required heat transfer in the 

heat exchanger? 
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One of the most essential parameters to consider in the design and performance of any heat 

exchanger is the overall heat transfer coefficient, usually given as: 

 

 
 

(1) 

However, this expression applies for a “perfect,” smooth heat transfer surface. In reality, fins are 

usually added to enhance heat transfer, and fluid impurities, rust buildup, or other chemical 

reactions can introduce another parameter called the fouling factor. For the purposes of this 

application, we can neglect the effects of fouling and use Equation (1). Furthermore, we can 

assume that there is negligible wall resistance, thus . 

In addition, we must consider the total heat transfer accomplished by the heat exchanger. We 

can calculate this using the overall heat transfer coefficient and the log-mean temperature 

difference, using an expression given by: 

 

 
 

(2) 

      where, 

 

(3) 

 

 

 
 

(4) 

where the 1 and 2 refer to the two ends of the heat exchanger. In addition, these temperature 

differences will use different values depending on whether we have a parallel or counter-flow 

heat exchanger. 

Moreover, we can also express the total heat transfer, q, using values from either the hot or 

cold streams with: 

 

 

 
 

(5) 

where C is the thermal capacity of the fluid. Keep in mind that, because the value of q from 

the hot stream must be equal to the value of q from the cold stream, any change in the variables 

in either expression must have a corresponding change in one of the values in the other 

expression. For example, a decrease in  would increase , by either increasing  or 

decreasing .  
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Also, these expressions must also be equal to Equation (2), which leads to interesting design 

problems like what you face today. A “required” value of U can be found by setting one of these 

expressions in Equation (5) equal to Equation (2). However, changing the parameters of the heat 

exchanger will change the value of , hence, you will have to continually balance the 

values of  and . 

Finally, you will have to compare how much more power is required to the pumps for each 

fluid stream. Remember from fluid dynamics that pump power, P, is given by: 

 

 

(6) 

where 

 

(7) 

 

The friction factor   can be calculated with the simple Blasius correlation, since we will 

assume turbulent flow in a smooth pipe. Thus, 

 

 

(8) 

 

Also recall that pump efficiency, , is given by: 

 

 

(9) 

 

The pumps that are available for purchase from our local vendors are all listed at an 

efficiency of 65%. You will have to find the actual power required to the new pumps in order to 

provide the new mass flow rates for each stream.  

Note that you will not have control over either of the temperatures for the beer stream, as the 

inlet and outlet temperatures are strictly part of the overall fermentation and beer brewing 

process. In addition, the inlet temperature of the coolant water will be set at 10ºC, as the chillers 

in the plant are only able to output at that temperature. The primary variables you have control of 

will be the mass flow rate of the coolant water   and the overall heat transfer 

coefficient ( ) of the heat exchanger. 

 

 

 

 

 



ME 3304: HEAT & MASS TRANSFER 

CHALLENGE-BASED WORKSHOP #9:  
HEAT EXCHANGERS 

STEP 2: GATHERING PERSPECTIVES AND RESOURCES 

STEP 3: RESEARCH & REVISE 

  

118 

 

For this next section, you may open the Mathematica CDF file to aid you in answering the 

questions. However, try them on your own first before using the software to help you. 

 

Now, consider a parallel-flow heat exchanger with two fluids at equal thermal capacities 

running through both the hot and cold streams. Sketch the expected behavior of the temperature 

distributions against the exposed surface area A/A0 (dimensionless length). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Now, consider a counter-flow heat exchanger, again with identical fluids in both streams. 

What will the temperature distribution look like here? 
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For a counter-flow heat exchanger, both fluids are water with   . Sketch the 

temperature plots for three different scenarios: hot = cold, hot >> cold, and hot << cold. 

 

 

 

 

 

 

 

 

 

 

 

 

Again with a counter-flow heat exchanger, sketch the temperature distributions for three 

different levels of the overall heat transfer coefficient, U: zero, medium and high. 
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Use the provided Mathematica CDF file to conduct your experiments. Your goal is determine a 

new set of parameters that will adequately cool the beer to 20ºC, while allowing for a 50% 

increase in the beer flow rate.   

 Clicking the small “+” symbol next to the sliders will open up a set of fine controls. 

 The captions for temperature on the plot also have built-in tooltips: simply hover your 

mouse over the labels and the corresponding value of the temperature will be displayed. 

 

The original values of the current heat exchanger system should be : 

 

HX Dimensions Beer Stream Coolant Water Stream 

 
  

 
  

 

  

n = 10 tubes 
  

 

 

 

List the values that you determined for one possible system setup: 

In addition, print out a screenshot of your final system configuration to hand in. 

 

Beer Stream Coolant Water Stream 
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Examine your results and calculations. As you work towards answering the Challenge 

Question, answer the following questions: 
 

 Were there other possible solutions to this design problem?  

 

 

 

 What happens when  is not equal to ?  

 

 

 

 

 Did the 50% increase in beer flow rate correspond to a 50% increase in total heat transfer 

required? Why or why not? 

 

 

 

 

 

 If you had control of any other of the system parameters, which one(s) would you control and 

why? 

 

 

 

 

 

 What happens when you try switching the configuration to a parallel-flow heat exchanger? 

What value is different and by how much? Why would you not want to use this in industry? 
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Discuss and answer the following questions: 

 

1. Why does a counter-flow heat exchanger offer more performance than a parallel-flow type?  

 

 

 

 

 

2. What parameters are interrelated? As in, which parameters are functions of other parameters? 

 

 

 

 

 

 

3. What’s wrong with just using room temperature (or hotter) cooling water and using a very 

high mass flow rate to achieve the same goals? 

 

 

 

 

 

4.  What did you learn? What do you know now, that you didn’t know before? 
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Objective: 

 Gain an understanding of radiant heat transfer 

 Gain an understanding of radiation view factors 

 Gain an understanding of the effects of surface emissivity and absorptivity 

 

Context and Challenge:   

You are to evaluate an infra-red heater for a new process to heat pieces of sheet metal. The 

first question is how the surface properties of the sheet metal affect the heat transfer. To answer 

this question one is painted with a high emissivity paint (ε = 1) while the second is left plain 

metallic.  

Your goal is to determine the emissivity of the plain metal and evaluate its effect on the heat 

transfer from the infra-red heater. It is desired to provide a radiation heat flux to the metal sheet 

of 100 W/m
2
. Can this be achieved and how? 

 

 

Challenge Question: 

Can you use the infra-red heater to process the metal sheets? 
 

Available Equipment:  

You are provided with a 12.7cm by 12.7cm heated plate that is painted black. There is also a 

piece of insulation with two 5.08cm by 5.08cm pieces of sheet metal. Thermocouples are 

attached to the surface of all of the plates.  

 

Design a method to determine the emissivity of the metal plate 



ME 3304: HEAT & MASS TRANSFER 

CHALLENGE-BASED WORKSHOP #10:  
RADIANT HEAT TRANSFER 

STEP 1: GENERATE IDEAS 

  

125 

 

The goal of this section is to establish a hypothesis for how the infra-red heater operates and 

interacts with the metal sheets.  
 

As a team, discuss the following questions: 

 

 How does the surface conditions affect the thermal radiation that is emitted from a 

surface? 

 

 

 

 

 

 

 How does the surface conditions affect the thermal radiation that is absorbed by a 

surface? 

 

 

 

 

 

 Would the temperature rise of the metal sheet be affected by the surface absorptivity? 

 

 

 

 

 

Next, frame your hypothesis: 

 

 How do you propose to determine the metal absorptivity using the sheet that is painted 

black and the measured temperatures as a function of time? 
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The black body emissive power from a surface is given as 

 

 
 

where the Stefan-Boltzmann constant is   and the temperature is in 

absolute Kelvin. 

(1) 

The heat flux that is actually emitted from a surface E is proportional to the emissivity of the 

surface  
          (2) 

The same is true for the radiation that is absorbed on a surface relative to the irradiation G (the 

radiation coming to a surface) 

          (3) 

 

where α represents the absorptivity of the surface. For gray and black surfaces Kirchoff’s law 

applies 

            (4) 

 

The absorptivity is equal to the emissivity! Consequently, the net radiation energy balance into a 

surface is simply what is absorbed minus what is emitted. 

 

        (5) 

 

When two surfaces are involved, with one of them black, the resulting radiation exchange 

between them is    

         (6) 

 

where F12 is the view factor from surface 1 to surface 2. The view factor represents the fraction 

of energy leaving one surface that is intercepted by the other surface. Consequently, it is very 

dependent on the distance between the two surfaces and has values between zero and one.  

 As with the lumped capacitance model, an energy balance on the plate can be used to 

relate the rate of temperature change of the plate with the net heat transfer coming into the plate. 

This is often called a calorimeter. If the temperature rise is linear with time, it can be easily used 

to determine the net heat transfer 

           (7) 
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 You are provided with a heated plate that is 12.7 cm x 12.7 cm and painted black. It acts 

as the infra-red heater. Its temperature is maintained constant as measured by the attached 

thermocouple. Two thin aluminum sheets are mounted to a piece of insulation that can be placed 

over the heated plate. Each test sheet is 5.08 cm x 5.08 cm, weighs m = 5.5 grams and is made of 

aluminum with a specific heat of cp = 910 J/kg-K. A thermocouple is welded onto each sheet. 

One sheet is painted black (ε = 1) and one is left natural. The thermocouples are all attached to 

the DAQ and recorded on the computer. 

 You can test two different positions of the sheets relative to the heated plate. The first is a 

distance of 10.5 cm away and the second is a distance of 7 cm away. Make sure to put your 

hand at these two positions to feel the difference in heat flux from the plate. At each distance 

use the measurements from the black sheet to find the view factor value, F12 . Assuming that the 

view factor is the same for the non-painted surface, determine its emissivity.   

 After the data run for each orientation, load the Matlab program in the Workshop 10 

folder.  The program will print a resulting plot and then delete your data. 

 

Test 1 (L = 10.5 cm)     Test 2 (L = 7 cm) 

Black Sheet      Black Sheet 

 

dT/dt =       dT/dt =  

 

q1in″ =        q1in″ = 

 

Eb1 =        Eb1 = 

 

Eb2 =        Eb2 = 

 

F12 =        F12 = 

 

Plain Sheet       Plain Sheet 
 

dT/dt =       dT/dt = 

 

q1in″ =        q1in″ = 

 

ε1 =        ε1 = 

 

 

 

 

Examine your results and calculations. As you work towards answering the Challenge 

Question, answer the following questions: 
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 How do your results compare between Test 1 and Test 2?  

 

 

 

 

 

 

 How can you achieve the required net heat flux of 100 W/m
2
? 

 

 

 

 

 

 

 Are the values of view factor reasonable?  

 

 

 

 

 

 

 Are the values of emissivity reasonable? 

 

 

 

 

 

 

 Do you believe how much difference the surface coating makes on the resulting heat flux? 
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Discuss and answer the following questions: 

 

1. What are the advantages and disadvantages of measuring the heat flux by this “calorimeter” 

method instead of the heat flux sensors used in previous workshops?  

 

 

 

 

 

2. For the temperature range used were the values of heat flux from radiation more or less than 

those you previously measured from convection? Which method is more efficient at transferring 

heat over this temperature range?  

 

 

 

 

 

 

3. Why did we neglect the radiation between the room and the metal sheets during these tests? 

 

 

 

 

 

4.  What did you learn? What do you know now, that you didn’t know before? 

 

 



  

130 
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Objective: 

 Gain an understanding of radiant heat transfer 

 Gain an understanding of radiation view factors 

 Gain an understanding of the effects of surface emissivity and absorptivity 

 

Context and Challenge:   

You are to evaluate an infra-red heater for a new process to heat pieces of sheet metal. Last 

week the question was how the surface properties of the sheet metal affect the heat transfer. This 

week is how the properties of the heater affect the heat transfer. Central to this investigation is 

how to calculate radiosities. Two heaters are now compared – one is painted with a high 

emissivity paint (ε = 1) while the second is left plain metallic.  

Your goal is to determine the emissivities and radiosities of the different surfaces. It is still 

desired to provide a radiation heat flux to the metal sheet of 100 W/m
2
. Can this still be achieved 

with both heaters? 

 

Challenge Question: 

Can you use either infra-red heater to process the metal sheets? 
 

Available Equipment:  

You are provided with two 12.7cm by 12.7cm heated plates. One is painted black, while the 

other is left plain. There is also a piece of insulation with two 5.08cm by 5.08cm pieces of sheet 

metal. Thermocouples are attached to the surface of all of the plates.  

 

Design a method to determine the radiosities of the metal plate 
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The goal of this section is to establish a hypothesis for how the infra-red heater operates and 

interacts with the metal sheets.  
 

As a team, discuss the following questions: 

 

 How does the surface conditions affect the thermal radiation that is emitted from a 

surface? 

 

 

 

 

 

 

 How does the surface conditions affect the thermal radiation that is absorbed by a 

surface? 

 

 

 

 

 

 Would the temperature rise of the metal sheet be affected by the surface emissivity of the 

heater? How? 

 

 

 

 

 

Next, frame your hypothesis: 

 

 How do you propose to determine the metal emissivity of the heater using one that is 

painted black and the other that is not? 
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 As described last week, when the heater is black, the resulting radiation exchange 

between the heater and plate is     

     

 
 

For the black plate the emissivity is one, while the emissivity is less than one for the gray metal 

plate. When the heater is gray, the radiation is not as simple and radiosities of the surfaces must 

be used. Radiosities can be determined from the following set of equations, depending on what is 

known. Note that standard notation is used, with q1 being the net radiation leaving surface 1. 

Because it only exchanges radiation with the heater, q21 = -q1 . The heater is surface 2 and the 

room is surface 3. You can assume that the room is black and remains at a temperature of 300K.  

      

 

 
 

 
 

 
 

Note that when the emissivity of a surface is equal to one, the radiosity equals the black body 

emissive power. The heat transfer between two surfaces can be calculated by replacing the black 

body emissive powers with radiosities 

 
 

 As last week with the lumped capacitance model, an energy balance on the plate can be 

used to relate the rate of temperature change of the plate with the net heat transfer coming into 

the plate. This is often called a calorimeter. If the temperature rise is linear with time, it can be 

easily used to determine the net heat transfer 

 

           (7) 
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 You are provided with two heated plates that are 12.7 cm x 12.7 cm. One is painted black 

and one is left plain metal. They act as the infra-red heaters. Their temperatures are maintained 

constant as measured by the attached thermocouple. Two thin aluminum sheets are mounted to a 

piece of insulation that can be placed over the heated plate. Each test sheet is 5.08 cm x 5.08 cm, 

weighs m = 5.5 grams and is made of aluminum with a specific heat of cp = 910 J/kg-K. A 

thermocouple is welded onto each sheet. One sheet is painted black (ε = 1) and one is left 

natural. The thermocouples are all attached to the DAQ and recorded on the computer. 

 Before you begin at a station, go to the front of the room. There is a red power supply 

heating two plates of the same size.  One is painted black and the other is not.  They should be at 

about the same temperature.  Go up and carefully hold the back of your hand over one plate and 

then the other to feel the difference in radiation.  Be careful not to touch any of the plates.  

They are very hot.   
 Go to your station and load the Labview Program “Radiosity – Black heater”.  Run the 

program for a few seconds to make sure the heater temperature is around 80 degC.  If not, tell 

one of the TA’s.  Place the sheets on the blocks symmetric over the heater and let the program 

run for one minute.  Load the Matlab program corresponding to the black heater.  Go back to a 

desk and start your calculations.  After each group has run through the black heaters, go back 

to your station and repeat the steps with the gray heater.  There are two labview and two Matlab 

programs for this workshop. 
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 Use the measurements from the black heater and sheet to find the view factor value, F12 . 

Assuming that the view factor is the same for the non-painted surface, determine its emissivity, 

ε1. Assume the metal plates have the same emissivity, ε2 = ε1 .   

  

Test 1 Black Heater     Test 2 Metal Heater 

Black Sheet      Black Sheet 

 

dT/dt =       dT/dt =  

 

q21/A1 =       q21/A1 = 

 

Eb1 =        Eb1 = 

 

Eb2 =        Eb2 = 

 

F12 =        Eb3 = 

 

F21 =       ε2 = 

 

F23 =        J2 = 

 

       q2/A2 = 

 

Metal Sheet       Metal Sheet 
 

dT/dt =       dT/dt = 

 

q21/A1 =        q21/A1 = 

 

ε1 =         

 

J1 =        J1 =  

 

J2 =        J2 =  

 

       q2/A2 =
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Examine your results and calculations. As you work towards answering the Challenge 

Question, answer the following questions: 
 

 How do your results compare between Test 1 and Test 2?  

 

 

 

 

 

 

 What options do you have to achieve the required net heat flux of 100 W/m
2
? 

 

 

 

 

 

 

 Are the values of radiosity reasonable? What would you expect relative to the black body 

emissive powers? 

 

 

 

 

 

 

 Are the values of emissivities reasonable? 

 

 

 

 

 

 

 Do you believe how much difference the surface coating makes on the resulting heat flux?  
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Discuss and answer the following questions: 

 

1. Why is the radiosity of a gray surface different than the black body emissive power?  

 

 

 

 

 

2. Are the radiosity values larger or smaller than the black body emissive powers? What 

determines this? 

 

 

 

 

 

3. Why did we care about radiosity? 

 

 

 

 

 

4. How would the values of q2/A2 vary from black to gray heaters? 

 

 

 

 

 

5.  What did you learn? What do you know now, that you didn’t know before? 
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Appendix B: Second Semester Workshops 

Videos can be found with file names: Cirenza_CF_T_2015_Appendix_B.zip 

Additionally, they can be found at the following links:  

 

Video 1: https://www.youtube.com/watch?v=0eNCni5Jzjs 

“Introduction to Thermal Sensors,” page 143 

 

Video 2: https://www.youtube.com/watch?v=L55hUg-Fplc 

 “Workshop 1.1,” page 145 

 

Video 3: https://www.youtube.com/watch?v=hvOnRqyBfcc 

“Workshop 1.2,” page 145 

 

Video 4: https://www.youtube.com/watch?v=vS0SZ-ONKoM 

 “Workshop 1.3,” page 146 

 

Video 5: https://www.youtube.com/watch?v=kC4kY4O-T4E 

“Workshop 1.4,” page 147 

 

Video 6: https://www.youtube.com/watch?v=szFuwgYGrzw 

“Workshop 2,” page 155 

 

Video 7: https://www.youtube.com/watch?v=mzj_RHOQ8YE 

 “Workshop 3,” page 163 

 

Video 8: https://www.youtube.com/watch?v=F4VGENsv9Qk 

“Workshop 4,” page 170 

 

Video 9: https://www.youtube.com/watch?v=BPrEeEvJW1A  

“Workshop 6,” page 183 

 

 

https://www.youtube.com/watch?v=0eNCni5Jzjs
https://www.youtube.com/watch?v=L55hUg-Fplc
https://www.youtube.com/watch?v=hvOnRqyBfcc
https://www.youtube.com/watch?v=vS0SZ-ONKoM
https://www.youtube.com/watch?v=kC4kY4O-T4E
https://www.youtube.com/watch?v=szFuwgYGrzw
https://www.youtube.com/watch?v=mzj_RHOQ8YE
https://www.youtube.com/watch?v=F4VGENsv9Qk
https://www.youtube.com/watch?v=BPrEeEvJW1A
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Objective: 

         Learn how temperature and heat flux sensors work 

         Gain an understanding of the difference between heat, energy, and temperature. 

         Gain an understanding of how to determine thermal properties of a material. 

         Gain an understanding of the difference between heat flux and temperature measurements. 

 

Challenge: 

You are the lead engineer working for NovaMaterials, an engineering firm specializing in heat 

transfer research. 

One of your clients recently shipped two material samples, one metal and one plastic, to your 

team for evaluation. These material samples are going to be used as a thermal barrier in a 

hydrogen fuel-cell automobile. 

Your client knows very little about the materials, and has asked for your help in identifying their 

thermal properties. Specifically, answer the following challenge question:                        

 

Challenge Question: 

Which material is more thermally conductive? 

 

 

Available Equipment:  
In your laboratory, you have access to 

 a temperature sensor (a surface mount thermocouple), 

 a heat flux sensor, and the material samples. 

 In addition, your team is provided videos of the experiments being conducted and the 

resultant data set. 
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Q1: What is the difference between temperature and heat flux? 

Answer on Qualtrics  

Q2: What is a typical thermocouple measurement? 

25
o
C 

100W 

77
o
F 

100W/m
2 

Check all that apply, answer on Qualtrics 

Q3: What is a typical heat flux measurement? 

25W 

25J 

25W/m
2
 

25
o
C 

Answer on Qualtrics  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ME 3304: HEAT & MASS TRANSFER 
CHALLENGE BASED WORKSHOP  #1: 

TEMPERATURE AND HEAT FLUX MEASUREMENTS IN 
CONDUCTION 

STEP 1: GENERATE IDEAS 

 

142 

 

Q4: Frame your hypothesis:  

Shown below is a diagram of the setup with a control volume around the modes of 

heat transfer taking place 

 
Which material is more thermally conductive (plastic or metal)? 
 

Answer on Qualtrics  

Q5: If equivalent heat sources are placed on top of the metal and plastic plates, how will the 

temperature and heat flux measurements differ? 

 CONSULT WITH YOUR TA BEFORE MOVING ON TO THE NEXT STEP 
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The goal of this phase is to gain the background information necessary to further inform your 

hypothesis and your experimental plan. 

As a team, review the background information below.  Reflect on this information and adjust 

your hypothesis as necessary. 
  
  

Overview of Heat Flux Sensors: 

A heat flux sensor is a transducer that generates an electrical signal proportional to the total heat 

rate applied to the surface of the sensor. The measured heat rate is divided by the surface area of 

the sensor to determine the heat flux. Heat flux sensors generally have the shape of a flat plate 

and a sensitivity in the direction perpendicular to the sensor surface. Usually a number of 

thermocouples connected in series, called thermopiles, are used. 

  

Overview of Surface Mount Thermocouple: 

A thermocouple is a temperature-measuring device consisting of two dissimilar conductors that 

contact each other at one or more spots. It produces a voltage when the temperature of one of the 

spots differs from the reference temperature at other parts of the circuit.  
  

To help you remember, here is a link to the intro video on thermocouples and heat flux sensors: 

 

Video 1: “Introduction to Thermal Sensors” 

Review of Fourier’s Law and Thermal Conductivity: 

For heat conduction, the rate equation is known as Fourier’s law. For a one-dimensional plane 

wall having a temperature distribution T(x), the rate equation is expressed as: 
  

q"= -k(dT/dx) 

  

·       The heat flux, q" (W/m2) is the heat transfer rate in the x direction per unit area perpendicular 

to the direction of transfer. It is proportional to the temperature gradient, dT/dx, in this direction. 

·       The proportionality constant, k, is a transport property known as the thermal conductivity 

(W/mK). It is a material property. 
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Above diagram accompanies steps 2 and 3 on Qualtrics. 
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The goal of this phase is to answer the Challenge Question, and validate your hypothesis, via 

experimentation. 
 

Your opbjects are to understand 

1. the difference between heat flux and temperature, 

2. how heat flux and tempearture are measured, and 

3. the affects of materials on heatflux and temperature by interpreting the plots of the 

acquired data.  

 

While you WILL NOT be taking data, you WILL perform the experiment while watching the 

data being taken on the video 

 

Tips for the Sensors: 

·    Both the thermocouples and heat flux sensors are very fragile.  Handle them carefully. 
 

EXPERIMENTAL SESSION 

Part 1 
This first part of the video shows the setup of the experiment with the same plates and sensors 

that are placed in front of you.  The video also shows the data acquisition instrument and 

LabVIEW software that will be used to record the data and plots in the video. 
 

Video 2: “Workshop 1.1” 

Part 1 is completed before moving onto part 2 

Part 2 

In this part of the video, hands are placed on a piece of aluminum and a piece of plastic.  Notice 

how the hands are flush against the materials with the sensors sandwiched in between. Follow 

along and place your hands on the provided materials. FEEL the difference between the two 

different materials  and WATCH the plots on the video record data in time .The plots in Part 1 

show how the surface temperature changes with time.  The surface temperature is recorded by 

the thermocouple on which you are placing your hand. 

 

Video 3: “Workshop 1.2” 

 

The following image is a MATLAB plot of variation of surface temperature with time for the 

two materials 
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(Plot provided with video) 

Q6: Is the temperature increasing or decreasing over time for the two materials? 

Answer on Qualtrics  

Q7: How do the temperature measurements of the two materials compare to one another? 

CONSULT WITH YOUR TA BEFORE MOVING ON TO THE NEXT STEP 

 

 

 

 

Part 3 

Repeat the steps in Part 2. Note that the plots displayed are now of heat flux instead of 

temperature. 

Video 4: “Workshop 1.3” 

The following image is a MATLAB plot of variation of heat flux with time for the two materials. 
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(Plot provided with video) 

Q8: Is the heat flux increasing or decreasing over time for the two materials? 

Answer on Qualtrics 

Q9: How do the heat flux measurements of the two materials compare to one another? 

CONSULT WITH YOUR TA BEFORE MOVING ON TO THE NEXT STEP 

Part 4 
This last video shows the experiment from the perspective of an thermal camera.  While 

watching the video, observe the colors on the temperature scale and think about how the previous 

plots of temperature and heat flux explain the recording from the camera.   

Video 5: “Workshop 1.4” 

Q10: Which material appears to have a higher surface temperature as seen by the thermal 

camera? Does this agree with the previously acquired data? 

CONSULT WITH YOUR TA BEFORE MOVING ON TO THE NEXT STEP 
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(Diagrams provided again) 

Notice that the plastic plate has a higher thermal resistance than the metal plate. 
  
  

As you work towards answering the Challenge Question, answer the following questions: 

 

 

 

Q11: Are the tests that you are conducting transient or steady-state? How do you know? 

Answer on Qualtrics  

Q12: Which material has a larger temperature change? 

Answer on Qualtrics  

Q13: Which material has a larger heat flux? 

Answer on Qualtrics  

Q14: How is the thermal conductivity related to these different responses? 

CONSULT WITH YOUR TA BEFORE MOVING ON TO THE NEXT STEP
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The goal of this phase is to reflect on the data acquired in your experimentation and to answer 

the Challenge Question. 
 

Discuss and answer the following questions 
 

Q15: What different information is provided by the heat flux versus the temperature 

measurements? 

Answer on Qualtrics 

Q16: Did the experimental results verify with your hypothesis from Step 1? Why or why 

not? 

Answer on Qualtrics 

Q17: What did you learn from this exercise? What do you know now, that you didn’t know 

before? (This is an important question! Take time to reflect!) 

Answer on Qualtrics 

Q18: Why does the metal feel colder than the plastic? 

CONSULT WITH TA BEFORE FINISHING
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Objective: 

 Learn how fins affect heat transfer. 

 Learn the relation between conduction and convection heat transfer in a fin. 

 Learn how the convection coefficient affects fin heat transfer . 

 Learn how  the convection coefficient affects fin efficiency.  
 

Challenge: 

You are the lead thermal engineer working for PowerElectronics, an engineering firm 

specializing in the design and manufacture of high-power, portable energy devices. 

Your colleague, a mechanical designer, has asked for your help in specifying extended surfaces 

(fins) for a new device to help with thermal management issues in the design. 

Specifically, you are asked to determine the convection heat transfer coefficient for the designed 

fin at three different air speeds.  One with no air blowing over it, one with a fan set to a low 

speed setting, and one with a fan set to a high speed setting. 

Challenge Questions: 

  How does the convection coefficient and overall heat transfer change for the 

specified fin at three different air speeds? 

  What is the corresponding change in fin efficiency? 

 

Available Equipment: 

Your experimental setup is composed of: 

 A straight fin of uniform cross section has been attached to the lab table. The fin is 23.5 

cm long, 3.7 cm wide, and 0.48 cm thick. 

 A heater is located at the base of the fin to act as a heat source. 

 Five (5) temperature sensors have been embedded into the fin along its length. One at the 

heater (x=0), and four along evenly spaced along its length (5 cm, 10 cm, 15 cm, and 20 

cm). 

 An additional temperature sensor is present to capture the temperature of the surrounding 

air. The surrounding air acts as the heat sink. 

Use these tools to determine the convection coefficient and temperature distribution at 

three air speeds.
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The goal of this phase is to establish your experimental plan to answer the Challenge Questions. 

As a team, discuss the following questions; use the answers to help motivate your strategy. 
 

 Sketch and label where conduction and convection takes place on the fin schematic 

provided. Clearly label the heat source and the heat sink on the sketch. 

 
Next, frame your hypothesis: (write your answers in the spaces below). 

1.   How will the convection coefficient change as the air speed is increased? 

 

 

2. How does an increase in convection coefficient affect overall fin heat transfer? 

 

 

3. How does an increase in convection coefficient affect the fin efficiency? 

 

 

4. Sketch the temperature and convective heat flux distribution along the fin length. 

 

 

 

 
 

 

 

5. Sketch the conductive heat transfer distribution along the fin length. 

 

 

x 

T

"

’ 

x

" 

x 

qconv” 

qcond 

(This sheet filled out offline) 
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The goal of this phase is to gain the background information necessary to further inform your 

hypothesis and your experimental plan. 

As a team, review the background information below.  

 

Review of Newton's Law of Cooling and the Convection Coefficient 

For heat convection, the rate equation is known as Newton's Law of Cooling. The rate equation 

is expressed as:  
 

q"= h(TS – T∞) 

The convective heat flux, q" (W/m
2
) is proportional to the difference between the surface and 

fluid temperatures, Ts and T∞,at each location along the length of the fin. 
 

The proportionality constant, h, is termed the convection heat transfer coefficient (W/m
2
-K). It 

depends on conditions in the boundary layer, which are influenced by surface geometry, the 

nature of the fluid motion, and an assortment of fluid thermodynamic and transport properties.  
 

The following figure illustrates the heat transfer in a fin  
 
 

 
Evaluating Fin Performance 
The ultimate goal of a fin is the transfer of thermal energy (qfin) between a surface and a fluid. 



ME 3304: HEAT & MASS TRANSFER 
CHALLENGE-BASED WORKSHOP #2: 

EXTENDED SURFACES(FINS) 

STEP 2:GATHERING PERSPECTIVES AND RESOURCES 
STEP 3: RESEARCH AND REVISE 

 

154 

 

The amount of surface area added by the fin is therefore an important aspect of the problem in 

determining qfin. Note that the temperature distribution along the length of the fin (x-direction) is 

not uniform.  

 

Another important measure of fin performance is the fin efficiency. The measurement of fin 

efficiency relates how efficiently the surface area of the fin is used to transfer thermal energy 

between the fin and the surroundings. 

 

Fin efficiency, η, is defined as the ratio of the actual fin heat transfer to the ideal (maximum) fin 

heat transfer:  

 

η = qfin/qmax 

 

Maximum fin heat transfer (qmax) would occur if the entire fin was uniform at  the base 

temperature and is given by the expression 

 

qmax = hAs(To – T∞) 

where To is the temperature of the fin base and As is the surface area of the fin. 
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Your goal is to understand the heat transfer in fins, how it varies with the length of the fin and 

how the air speed affects it. 

  

EXPERIMENTAL SESSION: 
Placed on the table is a fin which is heated at the base. Use your hand to FEEL the fin 

temperature at various locations to get an idea of where the most convection heat transfer is 

taking place.  

 

Q6:  Does the fin feel like its in steady state? How can you tell? 

Answer on Qualtrics 

The following video shows you the experimental setup and procedure required for temperature 

and heat flux measurements of the fin.The locations of the six thermocouples are fixed.  

Video 6: “Workshop 2” 

Follow along and answer the questions on the provided worksheet.  Use the 

above video to assist you.  Do not click finish button until you are finished and 

no longer need to use the video. 
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The following graphs show the temperature and heat flux distributions along the length of 

the fin for the three different air speeds. ESTIMATE the fin efficiencies for the three air 

speeds by looking at both graphs (you should get the same results from the two graphs). 

 
 

 

  

The 

follo

wing Table shows a sample of the data from 

the above plots.  Calculate values of the heat transfer coefficient (h) for the three different 

air speeds at the three different positions. 

Air Temperature: Tair = 24.2 
o
C 

  x=0 cm x=10 cm x=20 cm 

 q”  
 

Tf (
o
C) 

 

h  q”  
 

Tf (
o
C) 

 

h  q”  
 

Tf (
o
C) 

 

h  

Fan off 332 50.6  212 41.8  156 37.2  

Low fan 1030 50.2  414 34.7  186 29.0  

High fan  1767 49.9  519 31.6  170 26.6  

 

This sheet filled out offline

     

ηf 
no fan high fan low fan 

   

     

ηf 
no fan high fan low fan 
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Now that you have estimated the fin efficiencies and calculated the values for heat transfer coefficients 

(h), given the total fin surface area As= 200cm
2
 and ΔT= 50-24=26 

o
C, you can now calculate the heat loss 

(q) and maximum heat loss (qmax) for each of the fan settings. 

 

 No Fan Low Fan High Fan 

ηf (estimated in step 4)    

h (calculated in step 4)    

qmax    

q    

 

 

How does the increase in convection coefficient affect the heat transfer from the fin?  

 

 

 

 

How does the increase in convection coefficient affect the fin efficiency?  

 

 

 

 

 How does the change in air speed affect the temperature distribution and overall heat transfer in the fin? 

 

 

 

 

Are there any differences in your preliminary temperature and heat flux distribution sketches and those 

obtained from the experiment? Why or why not? 

 

 

 

 

 

 Did your results agree with your hypothesis from Step 1? Why or why not? 

 

 

 

 

 

 What did you learn? What do you know now, that you didn’t know before? 
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Objectives: 

 Gain an understanding of convection heat transfer coefficients. 

 Gain an understanding of fluid thermal resistance. 

 Gain an understanding of the factors affecting heat transfer coefficients. 

 Gain an understanding of the difference between heat flux and temperature. 

  

Context and Challenge:  
  

You are a hardware engineer working for Intel and are trying to find the best method to cool a bank of 

transistors in a circuit.  You have two choices.  One involves placing the bank on a very thin sheet of aluminum 

and using a fan to blow air across the bank in one direction.  The other involves placing the bank on a thick 

sheet of aluminum and blowing air across it.  Which method and plate thickness will give the most uniform heat 

transfer and temperature to better cool the bed of transistors? 

  

 

Challenge Question: 

What plate thickness yields the most uniform heat flux, surface temperature, and heat transfer coefficient? 

How do the distributions of those three relate to the average values? 

  

Available Equipment:  
Use the video software and provided materials to investigate how plate thickness affects convection over the 

plate. In your laboratory, you have access to: 

 A thin plate and a thick plate which are mounted on an electric heater. 

 A fan. 

  

  

The video software uses thermocouples, heat flux sensors, and a thermal camera to attain measurements and 

Labview and Matlab software to show results and plots.
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The goal of this phase is to establish a hypothesis to answer the challenge question. 

As a team, discuss the following questions. 

 What generally happens to the thermal boundary layer thickness as fluid flows along a plate? Provide a 

brief description and sketch a thermal boundary layer on a heated flat plate below. 

 

 

 
 

 Hold the fan parallel to the plates on the heater and turn it on so that the air blows across both the plates 

in one direction.  Feel the plates on the side close to and away from the fan. 

 

 Having felt the plates, think about how temperature and heat flux are affected by the boundary layer for 

both the thick and thin plates.  Discuss this with your partner and sketch two plots (one for the thick 

plate and one for the thin plate) below for temperature, heat flux, and h across the plates. 

 

 How is the heat transfer coefficient affected by the boundary layer thickness? 

 

 

  

 

 

 

 

Next, frame your hypothesis: (write your answers in the spaces below) 

 

 Which plate do you predict to give the larger average heat transfer coefficient? Why? 

 

 

 

 Which plate do you predict to give the larger amount of heat transfer? Why? 

This sheet filled out offline
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STEP 2: GATHERING PERSPECTIVES AND RESOURCES 

 
Boundary Layers  

Boundary layers form in fluids next to solid surfaces as a 

function of the geometry and fluid motion. They represent 

the thermal resistance in the fluid between the surface and 

the free stream temperature of the fluid. The thermal 

boundary layer thickness is the distance from the body at 

which the temperature is 99% of the temperature found in 

the free stream. 

 

Heat Transfer Coefficient 

The heat transfer coefficient is defined as: 

  

hx = q" / (Tplate - Tair) 

  

The heat transfer coefficient represents the conduction of heat through the boundary layer next to the surface. 

Consequently, the heat transfer coefficient will be proportional to the thermal conductivity of the fluid (kf) and 

inversely proportional to the thermal boundary layer thickness δ: 

  

hx ~ kf / δ 

  

Thermal Resistance 

The thermal resistance of the boundary layer is the inverse of the heat transfer coefficient. 

  

R" = 1 / hx 

  

Consequently, the resistance increases as the boundary layer becomes larger for a given fluid thermal 

conductivity. 
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STEP 3: RESEARCH AND REVISE 

 
 A preliminary sketch of the plate and temperature sensors is provided below. Complete the sketch to 

illustrate the setup that your team will use to answer the Challenge Question. (i.e., where should the heat 

flux sensors be placed?) 

 

 

 
How will your team determine the heat transfer coefficient?  

 Provide the equation(s) you will use. State which variables you will be able to measure, and how they 

will be measured. 

 

 

 

 

 

Update your hypothesis as needed given the information you gained in Step 2. 

 

This sheet filled out offline
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The following video shows you the experimental setup and procedure required for temperature and heat flux 

measurements. 

Video 7: “Workshop 3” 

 

 

Follow along and answer the questions on the provided worksheet.  Use the above video to 
assist you.  Do not click finish button until you are finished and no longer need to use the 
video.
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Your goal is to see how plate thickness affects the heat transfer from surfaces. 
 

EXPERIMENTAL SESSION 

 Watch the provided video. 

 Orient the fan parallel to the plate.  

 Turn on the fan, and ONCE AGAIN, feel the temperature across the thick and thin plates with the air 

blowing across them. 

 

Evaluate the Results: 

 Using the provided data, calculate the heat transfer coefficients at the front and back of plates: 

 

Air Temperature =  

 Front Temp 

(
o
C) 

Back Temp 

(
o
C) 

Front q” 

(W/m
2
) 

Back q” 

(W/m
2
) 

Front h 

(W/m
2
-K) 

Back h 

(W/m
2
-K) 

Thin Plate       

Thick Plate       

 

 

Examine the data that you collected and the heat transfer coefficient you calculated for each orientation. 

As you work towards answering the Challenge Question, answer the following questions: 

 

 How does the boundary layer affect the measured value of the heat transfer coefficient? 

 

 

 

 Which part of the plate has the largest thermal resistance to the air? 

 

 

 What does this indicate about the thickness of the thermal boundary layer in the air? 

 

 

 Explain the relative values of the heat transfer coefficient you measured for the different fan orientations.  

 

 

 Plot the profile of heat transfer coefficient as a function of distance along a plate for the different 

arrangements. 
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Discuss and answer the following questions: 

 

 

15. How does the heat transfer coefficient change over the distance of a plate? Why? 

 

 

 

 

 

 

 

16. Which plate yields the highest average heat flux? Highest average temperature? 

 

 

 

 

 

 

3. Which plate should be used to cook the chicken evenly? 

 

 

 

 

 

 

 

4.  What did you learn? What do you know now, that you didn’t know before? 
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Objectives: 
 Gain an understanding of convection heat transfer coefficients. 

 Gain an understanding of fluid thermal resistance. 

 Gain an understanding of the factors affecting heat transfer coefficients. 

 Gain an understanding of the difference between heat flux and temperature. 

  

Context and Challenge:  
Your manager has an idea to cool a stream of gas using some aluminum square channels that are 

available. He wants you to size the system and evaluate its thermal performance. The channels 

are one-inch square outside dimensions, with a 1/16 inch wall thickness. Your challenge is to 

determine the mass flow rate to control the exit temperature to 40°C. 

Specifically, answer the following Challenge Question: 
  

Challenge Question: 

Based on your measurements, how will you determine the mass flow rate to control the 

flow temperature to 40°C at the channel exit? 

  

Available Equipment:  
Use the instrumentation supplied to investigate how convection affects the outlet temperature. In 

your laboratory, you have access to: 

 A thin-walled channel, which has thermocouple and heat flux sensor pairs attached along the 

length of the channel. 

 Thermocouples have been inserted into the flow at the inlet and also at various positions along 

the channel. 

 A heat gun supplies the heated flow of air. 

 Video software to follow along with and  

  
 



ME 3304: HEAT & MASS TRANSFER 

CHALLENGE-BASED WORKSHOP #4:  
 INTERNAL FLOW 

STEP 1: GENERATE IDEAS 

 

 

168 

 

x 

x 

x 

The goal of this phase is to establish a hypothesis for the channel operation.  

As a team, discuss the following questions 

 Identify the heat source and the heat sink from the challenge description. 

 

 On the graph below sketch the variation of the flow temperature (Tflow), channel wall temperature (Twall) 

and the outside temperature (Toutside) along the x direction. 

 

 

 

                   

 
 

 

 On the graph below sketch the variation of the heat flux from the fluid to the wall along the x direction. 

 

 

 

 

 

 

 

 On the graph below sketch the variation of heat transfer coefficient of the flow on the 

inside of the channel (hinside) , heat transfer coefficient of the flow on the outside (houtside) and the overall 

heat transfer coefficeint (U) along the x direction. 

                         

 

 

 

T 

Heat 

transfer 

coefficien

t 
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For flows inside of a conduit, the fluid temperature changes as the thermal energy is transferred into or out 

of the fluid. Moreover, the thickness of the fluid boundary layer is limited by the internal size of the structure. 

The flow can be either laminar or turbulent. The criterion is based on the Reynolds of the flow using the 

diameter of the tube as the length scale. The usual range for transition from laminar to turbulent flow is between 

Reynolds numbers of 2,000 and 10,000 for this particular case.  

An energy balance on the flow can be used to relate the rate of enthalpy change of the fluid with the heat 

flux from the fluid into the wall 

 

 
 

where  is the mass flow rate of the fluid and P is the perimeter of the channel. In terms of a uniform 

temperature heat sink Toutside, the temperature distribution is  

 

 
 

The overall heat transfer coefficient is defined as  

 

 
 

The following diagram shows the resistance analogy in calculating the overall heat transfer coefficient 
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Note that the heat flux is measured on the outside of the channel. Consequently, because the heat  

transfer on the inside and outside of the channel must be the same, the area difference must be included 

 
 

where Ai = L  Inside perimeter and Ao = L  Outside perimeter. The heat transfer coefficients will be in terms of 

the inside and outside fluid temperatures 

 

 
 

 

 

 

 

 Evaluate the thermal resistance of the wall. The thermal conductivity of aluminum is k = 175 W/m-K. Is 

this resistance significant for heat transfer coefficients less than 100 W/m
2
-K? What is the non-

dimensional ratio of the wall resistance to the convective resistance? 

 

 

 

 

 

 

 

 

 

 Sketch the simplified the resistance network diagram based on your response to the previous question? 
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The following data corresponds to the measurements made on the channel described in the 

challenge. An axial flow fan is used to circulate air on the outside of the channel. Calculate the 

missing values in the table below. The thermal conductivity of aluminum is k = 175 W/m-K. The 

outside air temperature is 25°C.For your calculations use the density of air as 0.97kg/m
3
 and Cp as 

1000J/kgK.  

  

High Fan: Velocity= 11m/s 

Location   
(W/m2) 

 
(°C) 

 
       (°C) 

 

 
(W/m2K) 

 
(W/m2K) 

 
(W/m2K) 

X=0.015m 1400 68 59    

x=0.3m 730 64 40    

x=0.6m 750 58 37    

x=0.9m 550 53 35    

x=1.2m 450 49 34    

 
=                                           q =                                    average      

 

 

 Is the heat transfer coefficient uniform on the inside of the channel within the experimental 

uncertainty? Why or why not? 

 

 

 

 How does the average  value compare to the individual measured   values? 

 

 

 

 Calculate the mass flow ( ) rate required to reach an internal flow temperature of 40°C. The 

inlet flow temperature is 70°C . The channel is 1.2m long and has one-inch square outside 

dimensions, with a 1/16 inch wall thickness. Use the average overall heat transfer coefficient is 

20 W/m
2
K. The outside temperature is 25°C. 
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x 

x 

1. How does mass flow rate affect the overall heat transfer and the overall temperature of the fluid? 

 

 

 

 

 

2. How does the flow temperature (Tflow), channel wall temperature (Twall) and the outside 

temperature (Toutside) vary along the x direction? Why do the values change as observed? 

 

 

 

 

  

 

 

 

 

3. How does the heat flux from the fluid to the wall vary 

along the x direction for the high and low fan speed settings? 

 

 

 

 

 

 

 

 

 

4. How does the the overall heat transfer coefficeint (U) compare to the heat transfer coefficient on 

the flow on the inside of the channel (hinside) and the heat transfer coefficient on the flow on the 

outside (houtside) ? 

 

 

 

 

 

 

5. What did you learn? What do you know now that you didn’t know before? 

T 
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Objective: 

 Gain an understanding of the difference between parallel and series thermal resistances. 

 Gain an understanding of the difference between heat, energy, and temperature. 

 Gain an understanding of the difference between heat flux and temperature 

measurements. 

 

Context and Challenge:  

Metal buildings are typically made with steel beams with layers of thermal insulation placed in 

between in assembling the roofs and walls. The insulation works well except where the beams 

are, which act like thermal conduits. Some manufacturers cover the beams and insulation with a 

layer of cloth. There is a dispute whether this affects the thermal performance of the walls and 

roofs. You are to resolve this dispute. Does the cloth matter or not? You need to justify your 

response. 

 

Challenge Question: 

What effect does adding cloth have on metal vs. insulation? 
 

Below are the five configurations you will be working with.  The first configuration will involve 

measuring heat flux on the sides of the plates exposed to the external convection.  The other two 

configurations will involve measuring heat flux on the surface of the rubber and metal plates.  

Measurements will also be performed to monitor the difference in heat flux measurements if a 

cloth were placed on both the rubber and metal plates on the right. 
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The goal of this phase is to establish a hypothesis for the expected behavior of the metal. 

As a team, discuss the following questions. 

 For each configuration on the previous page, label which ones involve parallel resistances 

and which involve series resistances. 

 

 How will the heat flux readings differ for each configuration? 

 

 

 

 

 How will surface temperature readings differ?  

 

 

 

 

 Sketch system diagrams AND resistance diagrams for all five setups.  Describe how 

you will expect the different materials will feel based on the relative resistances and how 

the resistances are combined (series vs. parallel).  Utilize the TA’s to help with this step. 
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STEP 2: GATHERING PERSPECTIVES AND RESOURCES 
 

Thermal Resistance 

Thermal resistance is a measure of the resistance of a material to heat transfer. At steady state 

it is proportional to the thickness of the material divided by the thermal conductivity. The general 

definition for thermal resistance is 

 

 
 

This can be used with the data and with the analysis to compare measured versus theory.  

In the first workshop (#1) you used transient heat flux and temperature measurements to 

qualitatively determine the thermal conductivity of two materials. Now you have the additional 

background to actually determine values of thermal conductivity. 

 

STEP 3: RESEARCH AND REVISE 
 Using your resistance diagrams from the previous step, write energy balances for all five 

setups.  Substitute R” into your equations so that they are all in terms of thermal 

resistance. 
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Theoretical Calculations 

You will first calculate Resistances of the materials from their properties.  Use the definition of thermal 

resistance and the provided values to calculate the individual resistances of the three materials: 

 Metal plate Rubber cloth 

Thickness:  (mm) 4.8 3.2 .25 

Conductivity: k (W/mK) 237 .15 .04 

Resistance: R” (m
2
K/W)    

 

 Now use the above values to determine the parallel and series equivalent resistances (Req) for the 

five configurations: 

 Series: Metal Series: Metal+Cloth Series: Rubber Series: Rubber+Cloth Parallel 

Req (m
2
K/W)      

 

Measured Values 

 Evaluate the materials’ response to heat flux.  Before moving on, go to both the series and 

parallel setups, feel the different plates, and observe the temperature measurements. 

 Use Fourier’s law and your energy balances along with the heat flux and Temperature values 

provided to calculate measured resistance values and compare them with the calculated values. 

Parallel 

Temperature (degC) Heat Flux (W/m^2) 

Heater: 48 Metal: 41 Rubber: 39 Metal: 1100 Rubber: 600 

 

First solve for the individual Resistances for metal and rubber, then use those to find Req 

 

Using the values provided from the series circuits, calculate the equivalent resistances for each case: 

Series 

 Metal Metal+cloth Rubber Rubber+cloth 

Heater Temp 56 56 56 56 

Surface Temp 53 48 49 49 

Surface q” 450 380 310 310 

Req:     
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Compare these equivalent resistances with the calculated ones.
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Discuss and answer the following questions: 

 

 Does adding the cloth change the total equivalent resistance more for the metal or the rubber?  What is the 

difference in how the materials feel before and after adding the cloth? 

 

 

 

 

 Estimate the value of the thermal contact resistance between the different materials.  

 

 

 

 

 

 What does contact resistance seem to affect most in the experiment? 

 

 

 

 

 

 In this experiment, we did not discuss the resistance due to convection.  Given a heat transfer coefficient of 

h=40W/m
2
K blowing across each surface, calculate this resistance and new equivalent resistances.  How 

does this resistance effect the five configurations? 

 

 

 

 

 

 

 

 What did you learn? What do you know now, that you didn’t know before? 
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Objective: 

 Gain an understanding of radiant heat transfer 

 Gain an understanding of radiation view factors 

 Gain an understanding of the effects of surface emissivity and absorptivity 

 

Context and Challenge:   

You are to evaluate an infra-red heater for a new process to heat pieces of sheet metal. The first question is 

how the surface properties of the sheet metal affect the heat transfer. To answer this question one is painted with 

a high emissivity paint (ε = 1) while the second is left plain metallic. It is desired to provide a radiation heat flux 

to the metal sheet of 100 W/m
2
. Can this be achieved and how? 

The next question is how do the properties of the heater affect the heat transfer. Two heaters are compared – 

one is painted with a high emissivity paint (ε = 1) while the second is left unpainted and gray. 

 

Challenge Question: 

Can you use the infra-red heater to process the metal sheets? 
 

Available Equipment:  

You are provided with a 12.7cm by 12.7cm heated plate that is painted black. There is also a piece of 

insulation with two 5.08cm by 5.08cm pieces of sheet metal. Thermocouples are attached to the surface of all of 

the plates.  

 

Draw and label a control volume around the heated plates below (neglect convection). How do they 

differ? 
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The goal of this section is to establish a hypothesis for how the infra-red heater operates and interacts with the 

metal sheets.  

 

As a team, discuss the following questions: 

 

 How does the surface emissivity of the heater plate affect the thermal radiation? 

 

 

 

 

 How does the surface absorptivity of the receiver plates affect the thermal radiation? 

 

 

 

 

 What is the relation between absorptivity and emissivity? 

 

 

 

 

 Which setup from the diagram on the previous page will yield the highest heat transfer? Why? 

 

 

 

 

 What is the effect of different separation distances on the radiation from the heated plate to the receiver 

plates? 

 

 

 

 

Next, frame your hypothesis: 

 

 How do you propose to determine the effects of surface properties and arrangement on the calculated 

heat flux to the sheets? 
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The black body emissive power from a surface is given as 

 

 
 

where the Stefan-Boltzmann constant is   and the temperature is in 

absolute Kelvin. 

 

(1) 

The heat flux that is actually emitted from a surface E is proportional to the emissivity of the surface  

            (2) 

The same is true for the radiation that is absorbed on a surface relative to the irradiation G (the radiation coming 

to a surface) 

            (3) 

 

where α represents the absorptivity of the surface. For gray and black surfaces Kirchoff’s law applies 

 

              (4) 

 

The absorptivity is equal to the emissivity! Consequently, the net radiation energy balance into a surface is 

simply what is absorbed minus what is emitted. 

 

         

 (5) 

 

where the radiosity is defined as 

              (6) 

 

When the two surfaces are black, the resulting radiation exchange between them is   

  

            (7) 

 

where F12 is the view factor from surface 1 to surface 2 and A1F12 = A2F21 by reciprocity. The view factor 

represents the fraction of energy leaving one surface that is intercepted by the other surface. Consequently, it is 

very dependent on the distance between the two surfaces and has values between zero and one.  

 

This is followed by Video 9: “Workshop 6” on Qualtrics 

Watch film and perform experiment before moving on. 



ME 3304: HEAT & MASS TRANSFER 

CHALLENGE-BASED WORKSHOP #6:  
RADIANT HEAT TRANSFER 

STEP 4: TEST YOUR METTLE 

 

184 

 

Make sure to put your hand close to the gray and black plates to feel the difference.  DO NOT TOUCH 

the plates.  They are VERY hot. At each distance use the measurements from the black sheet to find the view 

factor value, F12 . Assuming that the view factor is the same for the non-painted surface, determine its 

emissivity.   

 Use the measurements from the black heater and sheet to find the view factor value, F12 .  

Below you are given values of heat flux that have been calculated using the temperature change over 

time for the two sheets.  The lumped capacitance equation was used as described in the video. The temperature 

of the heated plate was T1 = 78°C and the receiver plate was T2 = 23°C. 

 

Heater (1) Sheet (2) Measured q″ for Test 1 (L=10.5cm) Measured q″ for Test 2 (L=7cm) 

Black Black  80.9 W/m
2
 155 W/m

2
 

Black Gray 32.3 W/m
2 

72 W/m
2
 

Gray Black 
--- 

97 W/m
2 

Gray Gray  
--- 

65 W/m
2 

 

If you assume that all of the surroundings are at the same temperature as T2 = 23°C, the exchange with the 

heater provides all of the net heat transfer to the receiver plates. Based on this, find the corresponding value of 

view factor for the two distances.  

 

Eb1 =  

 

Eb2 =  

 

F21  (calculated using Test 1 at L=7 cm) =   

 

F21  (calculated using Test 2 at L=10.5 cm) = 

 

Why are they different? 

 

 

What is the irradiation of the heater (surface 1) assuming black surfaces provide the irradiation at room 

temperature?  G2 =  

 

 

Find the radiosity of the gray heater (surface 1) assuming an emissivity of ε1 = 0.45 and reflectivity of ρ1 = 0.55, 

J1 =  

 

 

Why and how is this different from the black body emissive power for the gray heater (surface 1)? 

 

 

Find the heat flux from gray heater to the black plate by using J1 in place of Eb1, q12/A2 =  
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Examine your results and calculations. As you work towards answering the Challenge Question, answer 

the following questions: 
 

 How do your results compare between Test 1 (L=10.5 cm) and Test 2 (L=7 cm)?  

 

 

 

 

 

 

 How can you achieve the required net heat flux of 100 W/m
2
 to the receiver plate (surface 2)? 

 

 

 

 

 

 

 Are your values of view factor F21 reasonable?  

 

 

 

 

 

 

 Do you believe how much difference the surface coating makes on the resulting radiant heat flux? Why? 
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Discuss and answer the following questions: 

 

1. How does the gray heater feel different than the black heater at the same temperature? Why is 

this? 

 

 

 

 

 

2. For the temperature range used were the values of heat flux from radiation more or less than 

those you previously measured from convection? Which method is more efficient at transferring 

heat over this temperature range?  

 

 

 

 

 

 

3. Why did we neglect the radiation between the room and the metal sheets during these tests? 

 

 

 

 

 

 

 

4.  What did you learn? What do you know now, that you didn’t know before? 
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 Questions 1-5 were given as the initial concept quiz before the first semester 

 Questions 1-19 were given as final concept test at the end of the first semester 

 Questions 10, 20-22, 24, 16, 17, 25 and 26 were given as the first of 5 problems on the final exam 

in the second semester 

 Question 27 was given on quiz 3 of the second semester 

 Question 28 was given on quiz 6 of the second semester 

 Question 29 was given on quiz 7 of the second semester 

 Question 30 was given on quiz 11 of the second semester 

 Questions 14, 15, and 31-33 were given as the first of 5 problems on the first test in the second 

semester 

 Questions 34-38 were given as the first of 5 problems on the second test in the second semester 

 Questions 1, and 39-44 were given to all of the first semester’s previous heat transfer students the 

following year to gauge the retention of their conceptual understanding. 

 Answers to questions are highlighted in blue 

1. An engineering student walking barefoot (without shoes or socks) from a tile floor onto a 

carpeted floor notices that the tile feels cooler than the carpet. Which of the following 

explanations is the most plausible way to explain this observation? 

a. The carpet has a slightly higher temperature because air trapped in the carpet retains 

energy from the room better. 

b. The carpet has more surface area in contact with the student’s foot than the tile does, so the 

carpet is heated faster and feels hotter. 

c. The tile conducts energy better than the carpet, so energy moves away from the student’s 

foot faster on tile than carpet. 

d. The rate of heat transfer into the room by convection (air movement) is different for tile 

and carpet surfaces. 
e. The carpet has a slightly higher temperature because air trapped in the carpet retains more energy 

than the tile floor.  

 

2. Two identical closed beakers contain equal masses of liquid at a temperature of 20°C. One beaker is 

filled with water and the other with ethanol (ethyl alcohol). The temperature of each liquid is increased 

from 20°C to 40°C using identical heaters immersed in the liquids. Each heater is set to the same power 

setting. It takes 2 minutes for the ethanol temperature to reach 40°C and 3 minutes for the water 

temperature to reach 40°C. Ignoring evaporation losses, to which liquid was more energy transferred 

during the heating process?  

a. Water because it is heated longer. 

b. Alcohol because it heats up faster (temperature rises faster) 

c. Both liquids received the same amount of energy because they started at the same initial 

temperature and ended at the same final temperature 

d. Can’t determine from the information given because heat transfer coefficients from the water and 

alcohol beaker surfaces are needed 

e. Can’t determine from the information given because heat capacities of water and ethanol are 

needed 

f. Water because it has a higher boiling point than ethanol 
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3. On a very cold winter day, a group of engineering students notices that quickly licking the metal end of 

an ice scraper left outside overnight caused their tongues to freeze to the metal surface. However, a quick 

lick of the plastic handle of the scraper didn’t cause any freezing to occur. How can you explain this 

observation? 

a. Metal is colder than plastic because it transfers energy to the atmosphere faster 

b. Metal is colder than plastic because metal is more dense and therefore retains cold better 

c. Metal is colder than plastic because plastic stores energy better 

d. Metal conducts energy better than plastic, so energy moves away from the tongue faster when 

touching metal 

 

4. You have a glass of tea in a well-insulated cup that you would like to cool off before drinking. 

You also have 2 ice cubes to use in the cooling process and have access to an ice crusher. 

Assuming no energy is lost from the tea into the room and no ice is lost in the crushing process, 

which form of ice (cubes or crushed ice) added to your tea will give a lower drink temperature? 

a. the crushed ice 

b. the ice cubes 

c. either will lower the drink temperature the same amount 

d. can’t tell from the information given 

 

5.  Your answer to question 4 is correct because: 

a. Crushed ice has more surface area so the energy transfer rate will be higher 

b. Energy transfer is proportional to the mass of ice used 

c. Crushed ice will melt faster and will transfer energy from the tea faster 

d. Ice cubes contain less energy per mass than crushed ice so tea will cool more 

e. Ice cubes have a higher heat capacity than crushed ice 

 

6. Two identical thermometers at 25°C are placed in a room at that same temperature. An 

engineering student wraps one thermometer in a blanket and the other in aluminum foil wrap. 

What happens to the observed temperature readings of the two thermometers? 

a. The thermometer in foil becomes noticeably cooler than the thermometer in insulation  

b. The thermometer in insulation becomes noticeably cooler than the thermometer in foil 

c. There is no noticeable difference in the thermometer readings 
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7. Two copper cylinders, each at 75°C, are allowed to cool in a room where the air temperature is 

25°C. As shown below, cylinder 1 is taller than cylinder 2 but both cylinders are the same 

diameter. The top and bottom of each cylinder are perfectly insulated so the only heat loss is 

through the sides of the cylinders.  

 

 

 

 

 

 

 

 

 

 

 

  Cylinder 1    Cylinder 2 

 

Which of the following four graphs would most closely approximate the average temperature of 

the two cylinders as a function of time?   

 

A        B  

 
C      D 

 
8. Please review the diagrams in Question 7. Your answer to Question 7 is correct because: 

a. Cylinder 2 contains less mass and less stored energy so it will cool faster 

b. Cylinder 1 has more heat transfer area in contact with the atmosphere and therefore will 

cool faster 

c. Both cylinders will cool at the same rate because the surface area/volume ratio is the same 

for each 

 

Cylinder 

2 

Cylinder 

2 

Cylinder 

1 

Cylinder 

1 

  Room 

Temperature 

  Room 

Temperature 

  Room 

Temperature 

  Room 

Temperature 

Cylinder 1 and 

2 have same 

curve 

Cylinder 

1 

Cylinder 

2 
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9. If 25°C (77°F) air feels warm on our skin, why does 25°C water feel cool when we swim in it? 

a. When water contacts human skin, it vaporizes at the surface, which causes the water to feel 

cooler than air 

b. Water holds energy better than air does, so air feels warmer since it is transferring energy 

faster 

c. The heat transfer rate from skin to water is faster than the rate from skin to air because of 

the differences in fluid physical properties 

d. Water opens pores in human skin better than air does, so the heat transfer area is larger 

with water 

 

10. A person walks toward two diffuse grey surfaces that are maintained at 1000K. 

 Surface 1 has an emissivity of 0.90 and a reflectivity of 0.10 

 Surface 2 has an emissivity of 0.50 and a reflectivity of 0.50 

Which statement is true? 
a. The person will feel warmer as they approach surface 1 than surface 2 

b. The person will feel warmer as they approach surface 2 than surface 1 

c. The person will feel the same warmth in both cases  

d. Not enough information given 

 

11. Rubbing alcohol feels cool when placed on your skin.  This is primarily because:  

a. Alcohol remains cooler than room temperature even when stored for a long time  

b. Alcohol deadens the nerves in your skin  

c. Alcohol evaporates quickly  

d. Alcohol has a higher heat capacity than the surrounding air 

 

12. A flat sheet of aluminum foil and a thicker aluminum baking sheet are placed in an 

oven at 400°F for a long period of time.  While holding these objects from the oven, which 

feels hotter to the touch? 

a. Both objects feel equally hot because they are at the same temperature  

b. The baking sheet feels hotter because it is hotter  

c. The aluminum foil feels hotter because it is hotter  

d. The baking sheet feels hotter because it has a higher mass 

 

13. Two solid materials at 500 K and of identical dimensions and masses are exposed to identical 

environments to cool them.  Material A and material B are physically identical except that 

material A has a heat capacity twice that of Material B. 

Initially, which material cools faster in K/sec? 

a. Material A, because it has a higher heat capacity  

b. Material B, because it has a lower heat capacity  

c. They cool at the same rate, because the initial temperature driving force is the same for 

both materials 
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Two solid materials are sitting at room temperatures. One has a low thermal conductivity 

(insulation) and the other has a high thermal conductivity (metal). Indicate the relative thermal 

response between the two materials when an identical hot block of copper is placed on each.  

 

14. Which has the faster temperature rise at the surface? 

a. the low conductivity material 

b. the high conductivity material 

c. the two materials respond at the same rate 

 

 

15. Which has the higher rate of heat flux at the surface? 

a. the low conductivity material 

b. the high conductivity material 

c. the two materials respond the same 

 

Water at 20°C enters a pipe that is maintained at 50°C. The average temperature of the water 

exiting the pipe is 40°C at these conditions. If the mass flow rate of the water is doubled, what 

will happen to the following quantities? Assume that the heat transfer coefficient between the 

pipe and the water does not change. 

16. The average temperature of the water at the exit will: 

a. Increase  

b. Decrease 

c. Remain the same 

17. The overall heat transfer from the pipe to the water will: 

a. Increase 

b. Decrease 

c. Remain the same 

 

18. You are in the business of melting ice at 0°C using hot blocks of metal as an energy source. 

One option is to use one metal block at a temperature of 200°C and a second option is to use two 

metal blocks each at a temperature of 100°C.  

All of the metal blocks are made from the same material and have the same weight, surface area, 

and constant properties. 

If the blocks are placed in insulated cups filled with ice water at 0°, which option will melt more 

ice? 

a. The two 100°C blocks 

b. The one 200°C block 

c. Either option will melt the same amount of ice 

d. Can’t tell from the information given 
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19. Your answer to Question 18 is correct because: 

a. 2 blocks have twice as much surface area as 1 block so the energy transfer rate will be 

higher when more blocks are used 

b. Energy transferred is proportional to the mass of blocks used and the change in block 

temperature during the process 

c. Using a higher temperature block will melt the ice faster because the larger temperature 

difference will increase the rate of energy transfer 

d. Higher temperature blocks contain more energy per mass of block than lower temperature 

blocks 

e. The heat capacity of the metal is a function of temperature 

f. Multiple blocks have more mass and therefore more energy than a single block 

 

 

 

 

Questions 20-24 pertain to the sketch shown.  A resistance heater is sandwiched between two 

plates of the same thickness, L.  One is a high conductivity metal and the other is a low 

conductivity plastic.  Both plates are exposed to the same external convective heat transfer 

coefficient at the same environment temperature.  The heater is turned on and allowed to reach 

steady state.  

20. How do the outside surface temperatures compare for 

the metal and plastic? 

 a. The surface temperature of the plastic will be 

higher. 

 b. The surface temperature of the metal will be 

higher. 

 c. Both Surface temperatures will be the same. 

 

21. How do the values of heat flux through each material 

compare? 

 a. Heat flux through the metal will be higher 

 b. Heat flux through the plastic will be higher 

 c. Heat flux will be the same through each material. 

 

22. Mark all of the reasons that justify your answers to questions 20 and 21. 

 a. The heat transfer coefficient on each surface is the same.  

b. The heater provides the same heat flux to each material.  

c. There is more thermal resistance through the plastic than the metal. 

 d. There is more thermal resistance through the metal than the plastic. 

 e. There is a larger temperature difference across the plastic than the metal. 

 

23.  What happens to the surface temperatures of the plastic and metal when the value of the heat 

transfer coefficient is halved? 
a. Both surface temperatures will increase by the same amount. 

b. The plastic surface temperature will decrease and the metal surface temperature will increase. 

c. The metal surface temperature will decrease more and the plastic surface temperature will increase. 

d. The surface temperatures will remain unaffected by a change in the heat transfer coefficient. 

e. Both surface temperatures will decrease. 
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24. What happens to the heat flux values through the plastic and metal plates when the heat 

transfer coefficient is halved? 
a. The heat flux through each will decrease by the same amount. 

b. The heat flux through metal will decrease more than through the plastic. 

c. The heat flux through the plastic will decrease more than through the metal. 

d. The heat flux through the materials remains unaffected by a change in h. 

 

25. Two blocks of solid material have the same dimensions, but have very different thermal 

conductivities (one high and one low). Which arrangement of the blocks gives higher heat 

transfer (as indicated by the arrows) between the temperatures T1 and T2 at steady-state 

conditions? Note that the overall thickness (L) and area is the same for both arrangements. 

   A     B 

        T1               

 

   L        Heat Transfer      T2              T1      

              L                  Heat Transfer  

   L    T2     L 

a. Arrangement A has higher heat transfer than B 

b. Arrangement B has higher heat transfer than A 

c. Both arrangements have the same heat transfer 

 

26. Your answer to Question 25 is correct because: 

a. The thermal resistances always add 

b. The heat transfer always adds 

c. Heat transfer chooses the path of least thermal resistance 

 

27.  (off quiz 3 in second semester) 

Indicate what would happen to the fin efficiency and fin heat transfer of an individual fin 

initially having a fin efficiency of 70% (increase, decrease, or no effect) if: 

 Fin efficiency Fin heat transfer 

a) convective heat transfer coefficient is 

increased 

decrease increase 

b) the fin length is increased decrease increase 
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28. (off quiz 6 in second semester) 

Quiz 6 – question 28 is part b of this quiz for purposes of this appendix 

A general form for the local heat transfer coefficient hx for a fluid flow of velocity V in the x-

direction over a constant temperature surface is 

 
where C, m, and n are constants. Assume the fluid properties k, ρ, Pr, ν and Cp are constant and 

known.  Based on this equation, show how to obtain the average heat transfer coefficient for a 

surface of width w and length L in the flow direction where 

 
 

a)  (question 28) Sketch the heat flux from  the surface from the surface as a function of x for      

 with 0<m<1. 

 

 
 

29. (off quiz 7 in second semester) 

Quiz 7 question 29 is part e of this quiz for purposes of this appendix 

A 10-cm diameter tube has an internal fluid mass rate of 1kg/s with a density of ρ=1000kg/m
3
, 

kinematic viscosity, ν=10
-6

m/s
2
, and specific heat of Cp=4000J/kg-K.  The tube is 15m long.  The 

bulk mean flow temperature changes linearly in distance along the tube from the intlet 

temperature of Ti=10
o
C to the exit temperature of To=40

o
C.  The heat transfer coefficient from 

the wall to thefluid is a constant h=600W/m
2
-K. 

e) Plot and label the temperature profiles of the wall and fluid as a function of x. 
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30. (off quiz 11 in second semester) 

Quiz 11 (question 30 is part e of this quiz for purposes of this appendix) 

Consider two black squares 0.2m on each side that are facing each other.  The view factor from 

the surface of one to the other is 0.40.  The surrounding room (also black) is at a temperature of 

300K.  The first surface (1) is maintained at a temperature of 600K and the second (2) at 400K. 

 

d) If the spacing between the surface 1 and surface 2 is increased (changing the view factors), 

determine if q12 and q1 increase, decrease, or remain the same.  The temperatures remain the 

same. 

 

q12         Increase               Decrease                   Remains the Same 

q1          Increase               Decrease                   Remains the Same 

 

 

31. Consider the wall of a house on a cold day. The inside of the house is warm. The conditions 

are the same for Case A and Case B except that the heat transfer coefficient on the inside surface 

of the wall is higher for case A than case B. Which is true under steady-state conditions?  

d. The inside surface temperature of the wall is higher for Case A than Case B. 

e. The inside surface temperature of the wall is higher for Case B than Case A. 

f. There is no difference in surface temperature. 

 

32.  Under the same conditions as question 31, which of the following is true?  

d. The heat flux through the wall is higher for Case A than Case B. 

e. The heat flux through the wall is higher for Case B than Case A. 

f. There is no difference in heat flux through the wall. 

 

33. A “straight” fin is mounted onto a wall that is maintained at 0°C. It has a convective heat 

transfer coefficient with the surrounding air of 10 W/m2-K at a temperature of 100°C. Neglect 

radiation and convection from the fin tip. Sketch the temperature and convective heat flux (to the 

fin) over it’s length from x = 0 to x = L when the fin efficiency is 60%. Approximate the correct 

limiting values. 
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34. For internal flow through a channel with constant wall temperature that is higher than the fluid 

temperature, how will the outlet fluid temperature change if the specific heat of the fluid is increased 

while all other flow properties are the same? 

d) Increase 

e) Decrease 

f) Remains the same 

 

35. For internal flow through a channel with a constant wall temperature that is higher than the fluid 

temperature, how will the overall heat transfer change if the specific heat of the fluid is increased 

while all other flow properties are the same? 

d) Increase 

e) Decrease 

f) Remains the same 

 

36. For laminar external flow parallel to a constant heat flux flat plate, how does the surface temperature 

vary along the plate? 

d) Increases with distance 

e) Decreases with distance 

f) There is no difference in surface temperature along the plate 

 

37. Mark all of the correct reasons for your answer to number 36 

 

g) The heat transfer coefficient is constant. 

h) The boundary layer thickness increases with distance along the plate. 

i) The heat transfer coefficient decreases with distance along the plate. 

j) The heat transfer coefficient increases with distance along the plate. 

k) The boundary layer thickness is constant. 

l) The heat flux is constant so the temperature difference has to be constant. 

 

38. If the diameter of a heated cylinder is increased, what is the impact on the heat flux from the exterior 

of the cylinder? Assume that the exterior fluid velocity (in crossflow) and all properties are the same 

and the cylinder temperature is the same. 

 

d) Heat flux increases 

e) Heat flux decreases 

f) Heat flux remains the same 
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39. A person walks toward two diffuse grey surfaces that are maintained at the same very cold 

temperature of 100K.  Assume that the room is at normal skin temperature (32
o
C) and has no 

net heat transfer effect to the person. 

 Surface 1 has an emissivity of 0.90 and a reflectivity of 0.10 

 Surface 2 has an emissivity of 0.10 and a reflectivity of 0.90 

Which statement is true? 
 

a. The person will feel warmer as they approach surface 1 than surface 2 

b. The person will feel warmer as they approach surface 2 than surface 1 

c. The person will feel the same warmth in both cases  

d. Not enough information given 

 

 

40. Two identical black (emissivity of 1.0) conductive plates are mounted onto a heat sink at 

20
o
C.  The other side of each is exposed to the same noon time sunlight.  One of the surfaces 

experiences a strong wind with a large convection heat transfer coefficient while the other has a 

small convection heat transfer coefficient.  The air temperature in both cases is the same (20
o
C).  

Which statement is true? 

 

a.  The plate with the smaller heat transfer coefficient conducts more thermal energy to the 

heat sink.  Its top surface is at the same temperature as the other plate. 

b.  The plate with the smaller heat transfer coefficient conducts more thermal energy to the 

heat sink and its top surface is at a higher temperature than the other plate. 

c.  Both plates conduct the same thermal energy to the heat sink and are at the same 

temperature. 

d.  Both plates conduct the same thermal energy to the heat sink.  The surface with the 

smaller heat transfer coefficient is at a higher temperature. 

e.  The plate with the higher heat transfer coefficient conducts more thermal energy to the 

heat sink.  Its surface is at a lower temperature. 

 

41. A piece of aluminum is sitting on a table next to a piece of NASA insulation.  The aluminum 

has very high conductivity and the insulation has very low conductivity.  You rub your hands 

together to warm them up and place one on each of the materials.  Assuming your hands are at 

the same temperature right before touching the materials, which of the following is true? 

 
a. The aluminum will have a faster temperature rise at the surface and lower surface heat flux than 

the insulation. 

b. The aluminum will have a faster temperature rise at the surface and a higher surface heat flux 

than the insulation. 

c. The aluminum will have a slower temperature rise at the surface and a lower surface heat flux 

than the insulation. 

d. The aluminum will have a slower temperature rise at the surface and a higher surface heat flux 

than the insulation. 

e. The aluminum and insulation will have the same temperature rise at the surface but the surface 

heat fluxes will be different. 
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42. Two metal blocks of equal size and mass are initially at room temperature (~20
o
C) and are 

then placed in a furnace operating at 300
o
C.  Block 1 reaches a uniform temperature of 200

o
C in 

5 minutes while block 2 takes 10 minutes to reach 200
o
C.  To which block was more energy 

transferred during the heating process? 

 
a. Block 2 because it is heated longer 

b. Block 1 because it heats up faster (temperature rises faster) 

c. Both blocks received the same amount of energy because they started at the same initial 

temperature and ended at the same final temperature 

d.   Can’t determine from the information given because the heat transfer coefficient from the block 

surfaces is needed 

e.  Can’t determine from the information given because heat capacities of the metals used to make 

the block are needed. 

 
43. You have two identical, well insulated cups of hot tea at the same temperature. When you add two ice 

cubes, each with a mass of 48 g, to one cup of tea, the temperature of the tea after the ice cubes melt 

is 30°C. Consequently, how many ice cubes of mass 6 g will be required to cool the other cup to the 

same 30°C? 

 

a. 8 because that gives the same total surface area of the ice cubes 

b. 16 because that will give the same total mass of ice 

c. 4 because each side of the 6 gram cube is scaled down by a factor of 1/2 

d. Can’t tell from this given information 

 

44. A thin metal foil heater (0.1m by 0.1m size) is mounted on a substrate surface. The outer surface of 

the heater is exposed to air at a temperature of T∞ = 20°C with a heat transfer coefficient of h = 10 

W/m
2
-K. If the foil is heated with 5 W of electrical power and the conduction heat flux from the 

heater to the substrate is 200 W/m
2
, what is the steady-state heater temperature, Th? Assume one-

dimensional transfer and neglect radiation. 

 

                 Air     h, T∞        Th   

Th = 50
o
C     Power to Foil               

 

           

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   substrate 
   q"cond 
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Appendix D: Concept Question Results 
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***Note: All question numbers correspond to those in Appendix C 

Scores from initial concept quiz before first semester 

 

Scores from final concept test after first semester 
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Retention from first semester 
 The following charts display the results of a seven question concept quiz given to all of the heat transfer 

students a few months after they finished their class to gauge their retention. 

 The scores are first sorted by the different professors and then combined to show the experimental 

workshop students against all of the other heat transfer students.  Most sections averaged about a 3 out 

of 7 on the quiz. 
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Second Semester 

Quiz 3 

Concept tested: fin heat transfer 

Question analyzed 

Indicate what would happen to the fin efficiency and fin heat transfer of an individual fin 

initially having a fin efficiency of 70% (increase, decrease, or no effect) if: 

 Fin efficiency Fin heat transfer 

a) convective heat transfer coefficient is 

increased 

  

b) the fin length is increased   

 

Results 

 Experimental Control 

Part a 69% 80% 

Part b 87% 83% 

 

Quiz 6 

Concept tested: External flow heat transfer 

Question analyzed 

Sketch the heat flux from the surface as a function of x for Tsurf >Tflow with 0<m<1. 

*Note: this question was asked after they were asked to give an expression for the average 

Nusselt number. 

Results 

Experimental  Control 

72% 62% 
 

Quiz 7 

Concept tested: Internal flow temperature distribution 

Question Analyzed 

Plot and label the temperature profiles of the wall and fluid as a function of x.   

*Note: internal flow constant heat flux on the wall 

Results 

 Experimental Control 

Partially Correct 44% 36% 

Fully Correct 39% 26% 
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Quiz 11 

Concept tested: Radiation heat transfer 

Question Analyzed 

If the spacing between surface 1 and surface 2 is increased (changing the view factors), 

determine if q12 and q1 increase, decrease, or remains the same.  The temperatures remain the 

same. 

*Note: Toutside=300K        T1=600K              T2=400K 

Results 

 Experimental Control 

Part a correct 98% 89% 

Part b correct 58% 50% 

Completely correct 56% 50% 

 

Test 1 

Question Number Section Initial Concept Quiz First Test 

 

14 

Control 7.8% 20.3% 

Experimental 7.9% 72.3% 

 

15 

Control 75.0% 81.2% 

Experimental 68.3% 87.7% 

 

Question Number Experimental Control 

31 24.6% 39.1% 

32 83.1% 59.4% 

33 (Temperature) 84.6% 71.0% 

33 (Heat Flux) 23.1% 10.1% 

 

Test 2 

 9AM 10AM 

34 0.672131 0.784615 

35 0.655738 0.861538 

36 0.540984 0.630769 

37 0.606557 0.507692 

38 0.540984 0.553846 
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Second Semester Final Exam Concept Questions 
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Appendix E: Workshop Questionnaire Taken by the Students 
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WS Questionnaire 
What was your overall impression of the workshop sessions related to your heat transfer course? 

15/16 students said they were helpful in understanding the material. 

“I felt like they were beneficial to my understanding of the material. They allowed us to see and 

feel what was going on.” 

“Definitely fixed some wrong intuitions about things” 

“…helped us actually see what the transfer was rather than hear about it” 

“At first I was upset that we had them, but after we did a few I realized that they were worth it. 

They helped me understand things better and made me think about the material more.” 

 

What did you like best about the workshop sessions? 

Most students mentioned the hands-on aspect and being able to see what was covered in class. 

One student: “we were able to feel the experimental setups and have conversations about that.” 

Another student mentioned liking the teamwork aspect the most. 

 

What did you like the least about the workshop sessions? 

Many different answers on this one.  Some students mentioned that some of the questions asked 

in the workshops were unclear.  A few students said there were too many calculations. 

 

In your experience, how does the workshop class session compare to the lecture class session? 

Did you prefer one over the other as a learning environment? Why? 

Most students mentioned that while they benefited from the workshops, they still believed the 

lecture was important for learning and introducing the material. 

“I think having both together is very effective, as the workshop only made sense in context to 

what we learned in lecture.” 

“I'm glad we had the equations and knew what to expect beforehand” 

“The workshop made me think more. In the class I was focused on making sure I had all of the 

notes, not necessarily understanding the material. The workshop helped to expand on the 

classroom section and get us thinking.” 

 

Did you feel that you learned the concepts related to heat transfer better in the lecture class 

sessions than in the workshop class sessions? 

5/16 for workshop 

 

What was your overall impression of the workshops and the workshop structure? What worked 

well in your opinion, and what could be improved upon? 

Several students mentioned the ease and smoothness of how the experiment was performed and 

how they liked how the data was pre-recorded. 

“…it was nice to discuss tough concepts with someone else.” 

Some students mentioned wanting more workshops to cover more topics and for them to be 

referred to more in the lectures. 

Some still thought they were too long. 
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Did the workshop sessions of this course contributed significantly to your understanding of heat 

transfer concepts? 

12/16 yes 

 

Favorite WS? 

All of the workshops were mentioned but overwhelmingly the radiation one. 

 

Least Favorite? 

Not many workshops were disliked but a few students mentioned the resistance workshop. 

“It was done rather late in the semester when we had moved on to other topics, se it didn't feel 

relevant to the lecture at the time.” 

 

Did the hands-on nature of the workshops contribute significantly to your learning of heat 

transfer concepts? 

13/16 

 

Do you recommend that these workshop sessions be offered in future versions of this class? 

14/16 

 

Why do recommend or not recommend offering these workshops in the future? 

“I think that as an augmentation to the lecture it really helps my understanding of the material. 

While I can't say my grades in this class were amazing, I do feel that I learned a lot, and I think 

that the workshops helped me in how I think about and approach problems.” 

“Actually feeling temperature gradients does more for me than looking at a graph.” 

 

Do you recommend that we extend this workshop format to other Mechanical Engineering 

courses? 

13/16 

 

 


