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Low-Cost Desktop Learning Modules (LCDLMs) are innovative, affordable educational tools designed to enhance
hands-on learning experiences in engineering education. Previous studies have shown the effectiveness of LCDLMs in
promoting engineering student engagement and learning outcomes. The present study further explored whether different
types of LCDLMs could influence student engagement and learning outcomes differently. This study compared four
LCDLMs (i.e., Double Pipe, Hydraulic Loss, Shell & Tube, and Venturi). In total, 2190 undergraduate and graduate
students from 29 universities in the United States participated in this study. Results of this study showed that the Shell &
Tube module significantly outperformed the Hydraulic Loss and Venturi modules in promoting enhancements in student
Active scores. However, no significant differences were observed between the Double Pipe module and the other modules
on Active scores. Moreover, the Hydraulic Loss module led to significantly higher knowledge growth compared to the
Double Pipe, Shell & Tube, and Venturi modules.
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1. Introduction

For the past decade, there has been an increasing
interest in understanding how innovative instruc-
tional methods could enhance engineering learning
in higher education [1, 2]. In engineering education,
engagement is a crucial factor that facilitates deeper
comprehension [3], whereas a limitation of tradi-
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tional instructional methodologies, in which stu-
dents learn passively, is a lack of motivation and
engagement by the students [4, 5].

Low-Cost  Desktop  Learning  Modules
(LCDLMs) are aligned with promoting active
learning that engages students in complicated engi-
neering learning [6]. Furthermore, previous studies
have consistently found that LCDLMs can effec-
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tively promote student conceptual understanding
and engagement [7, 8]. With the increasing use of
LCDLMs in higher education engineering class-
rooms, we seek to investigate how different types
of LCDLMs could influence student learning out-
comes and engagement. To be specific, we adopted
the Interactive, Constructive, Active, and Passive
(ICAP) framework [9] to wunderstand how
LCDLMSs could impact student interactive, con-
structive, active, and passive learning differently
from various LCDLM types.

1.1 Low-Cost Desktop Learning Modules
(LCDLMs) and Innovative Instructions

Low-Cost Desktop Learning Modules (LCDLMs)
are Innovative, affordable educational tools
designed to enhance hands-on learning experiences
in engineering education. These modules serve as
small-scale, interactive models of industrial equip-
ment, allowing students to engage directly in
complex engineering concepts such as fluid
mechanics and heat transfer. Thus far, there are
four LCDLMs: Double pipe, Shell and Tube,
Hydraulic Loss, and Venturi that are used exten-
sively. Each module was designed to facilitate one
specific topic of fluid mechanics and heat transfer.
These modules are specifically developed to bridge
the gap between theoretical knowledge and prac-
tical application, particularly in subjects like fluid
mechanics and heat transfer. For instance, in a new
module reported by Reynolds et al. development
and implementation focused on an evaporative
cooling LCDLM, which uses simple, inexpensive
materials like expanded aluminum packing media
and battery-powered components to demonstrate
heat and mass transfer principles [6]. The highly
visual and interactive nature of LCDLMSs helps to
make abstract engineering principles more tangible
and understandable, thus facilitating deeper under-
standing and retention of material learned [8].

Hunsu et al. emphasized that these modules can
significantly improve student interest and cognitive
engagement by providing a hands-on approach to
learning that contrasts with traditional lecture-
based methods [10]. LCDLMs are designed to be
flexible and adaptable, allowing for various experi-
ments and explorations of engineering phenomena.
For example, Van Wie et al. highlighted the versa-
tility of LCDLMs in teaching fluid mechanics and
heat transfer through modules like the Venturi
meter and double pipe heat exchanger [11]. These
studies collectively demonstrated that LCDLMs
not only enhance conceptual understanding but
also foster a more interactive and engaging learning
environment, which is crucial for student success in
engineering education [10, 11].

The effectiveness of LCDLMs is well-supported

by their alignment with educational frameworks
such as Bloom’s Taxonomy and the ICAP hypoth-
esis. Studies, including those by Kaiphanliam et al.
[12], have demonstrated that LCDLMs signifi-
cantly improve student performance at higher cog-
nitive levels, such as analysis and evaluation,
compared to traditional lecture methods. This
enhancement is particularly crucial in engineering
education, where the ability to apply, analyze, and
evaluate complex systems is essential. The interac-
tive nature of LCDLMs promotes an active and
interactive learning environment, encouraging stu-
dents to engage more deeply with the material and
to develop critical thinking and problem-solving
skills that are vital for their future careers.

Furthermore, LCDLMs have been shown to
increase student engagement and motivation by
offering interactive and constructive learning
experiences that go beyond passive information
reception [13]. This approach not only enhances
learning outcomes but also makes engineering
education more inclusive by providing cost-effec-
tive alternatives to expensive laboratory equip-
ment. By democratizing access to high-quality
educational resources, LCDLMs ensure that a
broader range of students can benefit from hands-
on learning experiences, thereby supporting a more
equitable and effective educational environment.
The potential of LCDLMSs to transform engineer-
ing education highlights the importance of contin-
ued research and investment in innovative
instructional methods.

Previous research on Low-Cost Desktop Learn-
ing Modules (LCDLMs) has shown mixed results
regarding their effectiveness in enhancing student
learning in engineering education. Some studies
have highlighted the significant benefits of using
LCDLMs to improve conceptual understanding
and engagement. For instance, Van Wie et al.
found that hands-on experiences provided by
LCDLMs could make abstract engineering con-
cepts more tangible and comprehensible, thus fos-
tering deeper cognitive engagement and retention
[11]. These studies indicate that LCDLMs are
particularly effective in bridging the gap between
theoretical knowledge and practical application,
thereby enhancing overall learning outcomes.

However, not all studies have found uniform
success across different types of LCDLMs.
Research has revealed variability in the effective-
ness of specific modules. For example, Kaiphan-
liam et al. reported that the hydraulic loss module
significantly improved student learning outcomes
compared to other modules like the Venturi meter
and double-pipe heat exchanger [12]. For the
hydraulic loss module, the relative simplicity and
direct application to fundamental fluid mechanics
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concepts were suggested as reasons for its superior
effectiveness. In contrast, the Venturi meter and
double-pipe heat exchanger, which require a more
nuanced understanding of interconnected concepts,
showed less dramatic improvements in student
performance. This variability underscores the
importance of aligning the complexity of the
module with the student prior knowledge and the
specific learning objectives.

Further complicating the landscape, other stu-
dies have shown no significant differences in learn-
ing outcomes between different types of LCDLMs,
suggesting that factors such as instructor effective-
ness, classroom context, and student demographics
might also play crucial roles. For instance, Watson
et al. indicated that students with lower prior
knowledge of engineering concepts tend to benefit
more from the use of LCDLMs compared to those
with higher prior knowledge [14]. This finding
suggests that LCDLMs may be particularly useful
in leveling the playing field for students who start
with a weaker understanding of the subject matter.
Yet, this differential impact raises questions about
the best ways to implement these modules to max-
imize benefits for all students. Collectively, these
mixed findings highlight the need for continued
research to identify the conditions under which
specific LCDLMs are most effective, helping edu-
cators better tailor their instructional strategies to
meet diverse student needs and optimize learning
outcomes.

1.2 The Interactive, Constructive, Active, and
Passive (ICAP) Framework

According to the ICAP framework, cognitive
engagement activities can be categorized into four
modes: interactive, constructive, active, and pas-
sive, based on learners’ overt learning behaviors [9,
15]. Chi and Wylie stated that with more engage-
ment (i.e., from passive to interactive) with the
learning material, learners’ learning outcomes
increase [9]. Previous research provided evidence
that in a more active and interactive engagement
learning environment, student learning outcomes
were better than passive engagement learning con-
text [16, 17].

The interactive cognitive learning approach fos-
ters students to work collaboratively, exchanging
feedback and revising upon feedback, which helps
them improve their academic learning and develop
interpersonal relationships [9]. Constructive learn-
ing behavior is when learners “generate or produce
additional externalized outputs or products beyond
what was provided in the learning materials” [9, p.
222]. Active learning fosters students to be actively
engaged and involved in their learning process. It
fosters student interaction with the topic as

opposed to merely receiving information like a
traditional lecture with no engagement. Lastly,
passive learning does not facilitate the cognitive
process for students to be actively engaged in their
learning process and might include students pas-
sively listening to lectures or receiving the informa-
tion [9].

Previously, research on ICAP learning theory has
demonstrated that participation in hands-on activ-
ities or cognitive engagement during learning
improves learning [4, 18]. Active learning and a
hands-on approach are effective learning
approaches, and a meta-analysis of 225 active
learning approaches demonstrated that active
learning improves student learning compared to
traditional learning [4]. Learning through hands-
on activities facilitates peer interaction and colla-
borative learning, which facilitates student deeper
engagement. These activities help students learn by
actively being involved. Therefore, students find
these activities more engaging than passive activ-
ities when they learn by doing [19].

LCDLMs enhance learners’ deeper level of
engagement. LCDLMSs require learners to actively
operate the modules to investigate fluid mechanics
and heat transfer. This process is aligned with the
definition of active mode of engagement because it
needs “some form of overt motoric action or
physical manipulation is undertaken™ [9, p. 221].
Furthermore, LCDLM needs the focused attention
of students when they are manipulating the mod-
ules which is the difference between active and
passive activity [9].

Constructive behaviors need students to generate
additional “products’ beyond what learning mate-
rials provide. In LCDLM activities, students use
what they learned from the lecture to manipulate
the module. To be specific, students have to con-
struct their knowledge and utilize it in completing
the LCDLM activities. By doing so, the abstract
concepts from the lecture have been constructed by
the students to solve the LCDLM problems with
self-explanation. Moreover, in the LCDLM activ-
ities, students will need to ask questions [5] or pose
problems [20], these activities are also categorized
as constructive, according to Chi and Wylie [9].

Lastly, LCDLM activities are intended for
implementation in chemistry classes as collabora-
tive group exercises. Therefore, students have the
opportunity to collaborate with their classmates
to complete the activities. For example, students
are encouraged to discuss with their peers, ask
and answer questions, and clarify their under-
standing of the concept with their peers. Accord-
ing to the ICAP framework, the discussion
between students and the instructor can also be
seen as interactive [9].
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2. Purpose of Study

LCDLMSs have different modules to address var-
ious concept topics about fluid mechanics and heat
transfer [11]. Therefore, the present study sought to
investigate whether different types of LCDLM
could influence student engagement and knowledge
growth differently. We use ICAP scores to under-
stand different student levels of engagement when
manipulating LCDLMs.

The present study focuses on the following
research questions:

RQI: How do various types of LCDLMs influence
the ICAP scores?

RQ2: How do various types of LCDLMs influence
growth in student knowledge scores?

3. Methods

3.1 Participants

Participants were 2272 undergraduate and graduate
students who enrolled in engineering heat transfer
and fluid mechanics courses using the LCDLMs
from 29 universities in the United States. Data used
in this study was collected from Fall 2019 to Spring
2024. Universities, including both public and pri-
vate institutions, that participated in this study were
selected based on their geographical locations.
These universities were organized into seven
national “hubs” to streamline data collection and
management. Students were recruited for the study
in their classrooms by their instructors. Before
implementation, instructors and their teaching
assistants received training. Participation in the
present study was voluntary.

Table 1 presents the descriptive analysis results of
the participants in this study. A total of 82 partici-
pants were removed because they did not complete
the ICAP questionnaire. The demographics of the
participants showed that most participants were
under 22 years old (90.6%). Among all the partici-
pants, the majority were Juniors (37.7%), followed
by Seniors (11.9%) and Sophomores (6.8%),
whereas 42.3% of the participants did not indicate
their years in college. Additionally, 56 students
reported that they are international students.

3.2 LCDLMs

The Low-Cost Desktop Learning Modules
(LCDLMSs) allow engineering students to conduct
investigations to understand the fundamental prin-
ciples of fluid mechanics and heat transfer. LCDLMs
are modules that simulate standard industry equip-
ment to facilitate a deeper understanding of engineer-
ing students of related concepts. These modules
provide engineering students with affordable,

simple, and small models of industrial equipment to
interact with and understand abstract concepts by
observing how these modules work. In the present
study, four LCDLMs are employed: Double Pipe,
Hydraulic Loss, Shell & Tube, and Venturi (See Figs.
1-4). The Hydraulic Loss and Venturi modules are
designed to teach fluid mechanics, whereas the
Double Pipe and Shell & Tube modules are designed
to teach heat transfer concepts.

3.3 Measurements
3.3.1 Learning Performance

Engineering heat transfer and fluid mechanics cover
various topics, such as double pipe and hydraulic
loss. This study chose four LCDLM learning topics
(i.e., Double Pipe, Hydraulic Loss, Shell & Tube,
and Venturi). The research team developed knowl-
edge tests corresponding to each specific topic to
measure engineering student knowledge. The
knowledge test contains different numbers of ques-
tions, ranging from six to nine items. Pre-tests were
administered to participants before they were
involved in the LCDLM learning activities. The
identical post-tests were answered by participants
right after they completed the assigned activities
(See Appendix for the knowledge instrument). The
question formats for both pre-and post-tests
include multiple-choice questions, true or false
questions, and open-ended questions. Each partici-
pant’s performance in the pre-and post-test was
graded and calculated by the research team in
percentage for further data analyses.

3.3.2 ICAP Questionnaire

The 16-item engagement questionnaire follows the
ICAP framework, including interactive, construc-
tive, active, and passive [9]. Each category contains
four items, using a 5-point Likert scale (I =
“Strongly Disagree” to 5 = “Strongly Agree”).
This questionnaire examines participants’ cognitive
engagement in learning with the LCDLMs. The
internal consistency of each category indicated
that interactive, constructive, and active has good
reliability (Cronbach’s o = 0.89, 0.89, and 0.84,
respectively) and passive has excellent reliability
(Cronbach’s a = 0.91).

3.3.3 Demographics

To better understand the sample’s demographics,
this study also collected participants’ gender, age,
class year, ethnicity, reason for taking the class, and
whether they are international students. All demo-
graphic questions were kept anonymous.

3.4 Procedures

This study received approval from the Institutional
Review Board. The research team recruited instruc-
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tors who taught courses in fluid mechanics, heat
transfer, and/or related topics in engineering from
the universities in the seven hubs. The LCDLMs
were provided to the instructors to include in their
classes that fit the topics. Before implementation,
instructors and their teaching assistants received
comprehensive training from the research design
team. These training sessions covered the best
practices for integrating LCDLMs into their
courses, focusing on fostering student engagement
and improving learning outcomes. Participants
were first asked to complete the pre-tests to assess
their prior knowledge of the to-be-learned topics.
During the classes that included LCDLMs, partici-
pants were provided with a worksheet to guide their
performance of the modules. After the class, parti-
cipants then answered the post-test, engagement
questionnaire, and demographic questionnaire.

3.5 Data Analysis

To examine whether the selected four LCDLMs
could influence engineering student engagement
differently, a one-way Multivariate Analysis of
Variance (MANOVA) was conducted with the
topics of LCDLMs as the independent variable
and participants’ self-reported cognitive engage-
ment as the dependent variables. Each participant’s
average ICAP scores in the four categories were
used in the present study. To understand the effects
of LCDLMs on learning outcomes, a one-way
Analysis of Variance (ANOVA) was performed to
examine the difference in knowledge growth (post-
test minus pre-test) among four LCDLMs.

4. Results

4.1 Descriptive Statistics

As shown in Table 1, descriptive statistics were
analyzed by using SPSS 28.0. Furthermore, by
examining participants’ prior knowledge of each
topic, we found there was a significant difference
(p < 0.01). That is, participants, on average, held
different levels of prior knowledge before taking the
LCDLM activities (e.g., prior knowledge of double
pipe was significantly higher than hydraulic loss).
To examine the normal univariate distribution, we

examined the skewness and kurtosis values, where
skewness varied from —1.03 to 0.71, and kurtosis
ranged from 0.05 to 2.31 for the knowledge growth,
interactive, constructive, active, and passive
engagement. These indicated that all variables in
the present study had the normal univariate dis-
tribution [21, 22].

4.2 Engagement

A one-way MANOVA was conducted to answer
the first research question. The results showed that
there was a statistically significant total MANOVA
effect (F(12, 5775.97) = 2.01, p < 0.05, Wilk’s
lambda = 0.99, partial n° = 0.04). Specifically,
there was a significant effect of LCDLM type on
Active score (F(3, 2186) = 4.42, p < 0.01, partial
7 = 0.06). The Post Hoc tests indicated that the
Active score in the Shell & Tube module (M =
14.75, SD = 2.97) was significantly higher than the
Hydraulic Loss module (M = 14.07, SD = 3.08) and
the Venturi module (M = 14.14, SD = 3.08).
However, there was no statistically significant
effect of LCDLM types on interactive, constructive,
and passive scores (ps > 0.05), please see Table 2.

4.3 Learning Performance

To address the second research question, a one-way
ANOVA was performed using knowledge score
growth as the dependent variable and LCDLM
type as the independent variable. The results
showed that there was a significant effect of
LCDLM type on knowledge score growth (F(3,
2200) = 75.53, p < 0.001). Post Hoc comparisons
using the Tukey HSD test found that the mean
knowledge growth in the Hydraulic Loss module
(M = 28.17%, SD = 37.96%) is significantly higher
than the mean knowledge growth in the Double Pipe
module (M =8.37%, SD =24.66%), the Shell & Tube
module (M =4.75%, SD = 20.78%), and the Venturi
module (M = 9.40%, SD = 21.23%). There was no
significant difference among the Double Pipe, Shell
& Tube, and Venturi modules; please see Table 3.

5. Discussion

The results of this study provide important insights

Table 1. Means and Standard Deviations of Outcomes for Each Module

Double Pipe Hydraulic Loss Shell & Tube Venturi

Mean SD Mean SD Mean SD Mean SD
Interactive 15.78 3.01 15.50 3.10 15.79 3.00 15.54 3.06
Constructive 15.54 3.08 15.18 3.22 15.49 3.01 15.22 3.14
Active 14.45 3.14 14.07 3.08 14.75 2.97 14.14 3.08
Passive 10.07 4.05 9.81 3.81 9.51 3.98 9.76 3.85
Knowledge Growth 8.37% 24.66% 28.17% 37.96% 4.75% 20.78% 9.40% 21.23%

Note: SD = Standard Deviation.
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Table 2. MANOVA Results for ICAP Scores as Dependent Variables

Multivariate Tests
Partial Eta

Wilks’ Lambda F df1 df2 y/ Squared
LCDLMs 0.99 2.01 12 5775.97 <0.05 0.004
Univariate Tests

Dependent

Variable Sum of Squares df Mean Square F P
LCDLMs Interactive 37.39 3 12.46 1.33 0.262

Constructive 58.56 3 19.52 2.00 0.112

Active 126.11 3 42.04 4.42 <0.01

Passive 74.91 3 24.97 1.62 0.182
Residuals Interactive 20436.79 2186 9.35

Constructive 21333.69 2186 9.76

Active 20779.39 2186 9.51

Passive 33603.93 2186 15.37

Table 3. ANOVA Results for Knowledge Growth Scores as Dependent Variables
Sum of Squares df Mean Square F P

LCDLMs 205819.74 3 68606.58 75.53 <0.001
Residuals 1998380.31 2200 908.36

into the effects of different LCDLMs on student
engagement and knowledge growth in engineering
education, specifically through the lens of the ICAP
framework. In line with past literature [13], this
study revealed a statistically significant effect of
different LCDLM types on the four ICAP engage-
ment categories. The most notable finding was that
the Shell & Tube module significantly outper-
formed the Hydraulic Loss and Venturi modules
on the Active score. This suggests that the Shell &
Tube module is particularly effective in promoting
active engagement, possibly due to its design which
may better facilitate hands-on interaction and prac-
tical application [11]. These findings imply that
while certain LCDLMs can enhance specific types
of engagement, the overall impact on all dimensions
of engagement may be influenced by other factors.
For example, the average pre-test score on the topic
of Hydraulic Loss was significantly lower than the
other three topics. Therefore, students could find it
more difficult to manipulate the Hydraulic Loss
LCDLM. To be specific, students in the Hydraulic
Loss LCDLM activity could be more “passive” to
participate. However, our results also found that
LCDLM did promote student interactive and
constructive engagement behaviors (M = 15.64
and M = 15.35, respectively). And for all four
LCDLMs, student passive engagement behavior
was low (M = 9.83). Therefore, LCDLMs can be
implemented to enhance engineering students
higher level of cognitive engagement while instruc-
tors should be aware of various factors, such as
students prior knowledge, that could influence the
effectiveness of LCDLMs.

This study extends previous research to examine
the effect of LCDLMs on knowledge growth. The
result revealed that the Hydraulic Loss module led
to significantly higher knowledge growth compared
to the Double Pipe, Shell & Tube, and Venturi
modules. This finding underscores the Hydraulic
Loss module’s effectiveness in enhancing student
understanding and knowledge growth. Interest-
ingly, there were no significant differences in knowl-
edge growth among the Double Pipe, Shell & Tube,
and Venturi modules, indicating that these modules
may have similar impacts on learning outcomes
despite their structural differences [11]. One possi-
ble explanation for this difference could be the
lower prior knowledge levels of students before
participating in the Hydraulic Loss LCDLM activ-
ity. This could imply that LCDLMs could be an
ideal instructional tool, especially for students with
relatively little prior knowledge or with misconcep-
tions about the to-be-learned topic [11, 14]. As
mentioned above, LCDLMs help to make engineer-
ing principles more tangible and understandable.
Students could find it difficult to follow the lectures
which caused their lower levels of prior knowledge,
however, LCDLMs help to clarify their confusion
and facilitate deeper cognitive engagement.

The results highlight the importance of selecting
appropriate LCDLM types to maximize student
engagement and knowledge growth. The significant
impact of the Shell & Tube module on active
engagement and the Hydraulic Loss module on
knowledge growth suggests that different
LCDLMs may be best suited for different educa-
tional objectives. Educators should consider these
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findings when designing curriculum and instruc-
tional strategies to ensure that the chosen tools
align with their specific teaching goals.

6. Limitations and Future Directions

This study does have limitations. First, due to the
implementation of a large sample size, we cannot
match the ICAP score with students knowledge
growth perfectly. This is because some instructors
or their teaching assistants did not successfully
implement both the ICAP questionnaire and the
pre- and post-assessments for each implementation.
Consequently, we sometimes received only ICAP
data or only pre- and post-knowledge data, but not
both. However, future research is warranted to
examine how students engagement interacts with
their knowledge. Especially, the question of what is
the role of prior knowledge in the LCDLMSs needs
further investigation. Second, the present study did
not fully consider the instructor’s roles in the
LCDLM activities. For example, the interaction
between instructor and students in manipulating
LCDLM could significantly influence students
learning and engagement. Future research could
take instructors’ roles in the LCDLM activities into
consideration to understand how instructors could
better facilitate LCDLM activities.

Future research should also investigate the
underlying factors that contribute to the effective-
ness of different LCDLMs further. Studies could
explore how specific design features influence
engagement and learning outcomes, and whether
combining elements from multiple modules could
enhance overall effectiveness. Additionally, long-
itudinal studies are needed to assess the sustained
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7. Conclusion
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Cost Desktop Learning Modules (LCDLMs) in
enhancing student engagement and knowledge in
engineering education, underscoring their useful-
ness in improving student engagement and knowl-
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tional benefits.
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Appendices

Ap

pendix A. Low-Cost Desktop Learning Modules (LCDLMs)

Fig. 2. Venturi setup
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Fig. 4. Shell-and-tube heat exchanger setup.

Appendix B. Knowledge Tests
Hydraulic Loss Knowledge Test

Head losses

Excessive pressure (head) losses are observed in a section of piping with constant diameter. Select the option that could be
explored to reduce the head losses in the piping section, assuming turbulent flow.

O Increase the fluid velocity.

O Decrease the pipe diameter.

O Increase the pipe diameter.

O Use a piping material with a higher relative roughness to decrease the friction factor.

Velocity in a coil

Imagine fluid flowing inside the coil shown below. Assuming the coil has a constant diameter, what would happen to the
fluid velocity as the fluid flows from the top to the bottom of the coil?

Fluid in

~—

Fluid
out

O The velocity will increase because the fluid is flowing downwards and is driven by gravity.

O The velocity will remain constant because the pipe has a constant diameter and mass must be conserved.

O The velocity will decrease because of friction on the pipe walls.

O The velocity will remain constant because the increase in velocity due to gravitational forces is counterbalanced by
the decrease due to friction.
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Pressure v. distance

Below is a steady state system where fluid is flowing from a tank with a constant liquid height, h, at some pressure, P,
through a pipe to the atmosphere. What is the relationship between pressure and distance in the pipe?

Velocity, v

air

+ t

c‘
distance
g g
= b |
5 / 5 \
0 & O &
A B_ £ A B_ C
Distance Distance
g <
: : /
a a
[
O& O£
B_ ; A B_ ;
Distance Distance
L
3
5 \\
O &
A B C

Distance

Because . . .

O Frictional losses within the pipe will decrease velocity nonlinearly, so pressure must also decrease nonlinearly.
O Frictional losses within the pipe will decrease pressure linearly.

O The fluid is not accelerating, so the pressure must be constant.

O Frictional losses within the pipe will increase pressure.

O The fluid speeds up through the pipe, so pressure must decrease.

Velocity v. distance

distance

Water flows through a pipe from Tank 1 to Tank 2. The water level in each tank is indicated at an instance in time.
Assuming steady-state flow, select the correct graph of velocity versus distance down the pipe.

B C A B
Distance Distance

Velocity
Velocity

O
Velocity
b
-
O
Velocity

5 A B
Distance Distance

O
Velocity
-
] /
4

Distance
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Because . . .

O The force of friction reduces the velocity of the liquid.
O The velocity increases near the pipe entrance because of the pressure gradient, but accelerates slowly at the pipe exit

because of friction.
O The cross sectional area is constant, thus the velocity is constant to conserve mass.

O The velocity increases down the pipe because of the pressure gradient.
O The velocity decreases near the pipe entrance due to friction and then decelerates since friction is reduced when it

moves slower.

Venturi Knowledge Test

Expansion with standpipes
Select the figure that most closely represents reality, assuming incompressible flow and that the diameters at points A and

C are equal.

Flow

Flow

Energy transition
Describe the energy transformation in the fluid between points A and B.

Flow

O Kinetic energy is being converted to flow work.

O Flow work is being converted to kinetic energy.

O Kinetic energy is being converted to potential energy.
O Potential energy is being converted to kinetic energy.
O Not enough information.

Pressure from velocity profile
In a horizontal pipe of changing diameter, the following velocity profile was measured at points A, B, and C. Choose the
best description for the pressure profile, assuming v = vc.

Velocity

Length

O Pa > P > Pc because friction causes the pressure to decrease along the entire length of the pipe.
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O Pa > Pc > Py because the velocity increases at Point B, leading to a decrease in pressure, and PC < PA because of
frictional losses, though the velocity is the same.

O Pg > P4 > Pc because the velocity increases at Point B, leading to an increase in pressure, and PC < PA because of
frictional losses, though the velocity is the same.

O Pa =Pc > Py because the velocity increases at Point B, leading to a decrease in pressure, and the pressures at PA =
PC because the velocities are the same.

Pressure and velocity v. distance
Consider the Venturi meter below. Select the most realistic graph for pressure versus distance in the venturi:

Pressure
>
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Pressure
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O+ hV
>

Distance 2) Distance
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O I
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Select the most realistic graph for velocity versus distance in the Venturi:
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Continuity T/F
To describe the concept of continuity at steady state for an incompressible fluid, classify the following statements as true or
false:

True False
Mass flow rate in equals mass flow rate out @) @)
Volumetric flow rate in equals volumetric flow rate out @) @)
As diameter increases, velocity increases @) O

Double Pipe Knowledge Test

System boundary

Below is a simple heat exchanger schematic with different system boundaries indicated by green dashed boxes. Using an
energy balance to determine the rate of heat transfer, Q, into the cold fluid from the hot fluid, which would you pick as the
system to analyze? Think about which temperatures you would need to solve for Q = mCpAT.

Th,ln —JI 4 ’— Th,out :_ Tr;,l_n-ﬁ-j_' 3 ]—Th.aut
— Ty, | — i — My ——
I
— m — I , =
Te.out ﬂ' e ey FTein I I&gyi_"'l g —Te,in
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i my - my 1
o Q) p— |
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Double pipe length

Consider two double-pipe, parallel-flow heat exchangers that are identical except that one is two times longer than the
other one. If flow rates and inlet conditions are the same, which of the exchangers is more likely to have a higher heat
transfer rate?

O Longer one.
O Shorter one.
O Same in both heat exchangers.

Because . . .

O Heat transfer does not depend on the length of the heat exchangers.

O Having a constant mass flow rate and heat capacity should yield the same heat transfer rate.

O The longer tube length offers a higher surface area for heat transfer.

O The longer tube length provides a larger residence time.

O Shorter tube length offers higher velocity through the tube which offers higher heat transfer rates.

Areas for flow and heat exchange

Cold water flows through the annulus of a see-through heat exchanger shown below. Match the areas in green to their
descriptions (the clear outline represents the outer tubing):

Items
Note: cold water is
see-through along the
pipe in this image

Area for cold water flow

Note: the exchanger is
cut across the red

cross-section
Area for hot water flow

Tube in a duct

To remove heat at the highest possible rate from a hot tube placed in a duct with cold flow, which setup would you choose,
assuming flow rate is the same in each case?

- ‘O‘ - - ‘O‘ . " ‘O‘ -
- pe - - - e - - - - -

1 2 3

O Setup (2) because it will provide the lowest fluid velocity passing over the duct.

O Setup (1) because it offers a balance between velocity and pressure drop passing over the duct.
O Setup (3) because it will offer the highest possible fluid velocity passing over the duct.

O All setups will give the same rate of heat transfer because flow rate is the same in each case.

Process control

Select all options that would increase the temperature of the hot water outlet (if all other parameters remain the same) in
the heat exchanger below:
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0 Reduce the cold-water flow rate.

O Reduce the hot-water flow rate.

[0 Add an insulated jacket to the outer cold-water pipe.
[0 Increase the cold-water temperature.

Temperature driving force

In the diagram, each line represents a temperature profile for one fluid along the length of a countercurrent exchanger.
Which temperature differences drive heat transfer? Select all that apply.

Temperature (°C)

Location in heat exchanger

Does the driving potential for heat transfer change throughout the exchanger?

O T1—T4.
O T1—T2.
O T1—T3.
0O T2—T4.
O T2—T3.
0O T4—T3.
O Yes

O No

Shell & Tube Knowledge Test

S&T Baffle Pitches

To remove heat at the highest possible rate from tubes containing hot water in a shell and tube heat exchanger, which setup
would you choose for the cold water on the shell side to maximize heat transfer? Assume the cold fluid flow rate and heat
exchanger size are the same across all cases.

oo O O O

case.

t 4 @ t 3 (3)

t 4 t +

Setup (1) because it will provide the lowest fluid velocity passing over the tube side giving more residence time for
heat to transfer.

Setup (2) because the shell-side velocity is increased due to the smaller cross-sectional area, which increases
turbulence (Re) and, therefore, increases the heat transfer coefficient but is balanced with a medium residence time.
Setup (3) because the shell-side velocity is the highest out of all setups due to the smallest cross-sectional area for
flow, which increases turbulence (Re) and, therefore, increases the heat transfer coefficient.

Setup (3) because the shell-side fluid has a longer pathway and therefore the highest residence time.

All setups will give the same rate of heat transfer because flow rates and heat exchanger size are the same in each
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Area for heat exchange

What area would you use for A, in Q = U;A;ATyy
in a shell and tube heat exchanger?

D;= inner diameter of tube
L= tube length

D,= outer diameter of tube
N = total number of tubes
T2
O ZDI_ Nt @] T[(Do _Dl)LNt
) T 2 _pn2
O mD;L o Z(Da D;?)
O mD;LN,

Types of flow

For the following arrangement of a shell & tube heat exchanger what types of flows are occurring in regions A, B, and C
(identified by red circles)?

Tll.ln

TMHR Tc.aut
Counter Flow Cross Flow Parallel Flow
A O O o
B O O ©)
C O O O

Process Controls

Cold (blue) and hot (red) water flow through the shell and tube sides, respectively. If you were to reduce the flow rate of the
shell (cold) side by pinching the tube, for example, what would happen to the exit temperature of the hot water in

comparison to the previous temperature?

Flow rate decreased by pinching tube

t 4

d

Ik

||
t

Flow rate constant

The hot water outlet temperature will . . .

O Increase.
O Decrease.
O Stay the same.

«[
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Because . . .

O The reduced flow rate on the shell side decreases the average velocity and, therefore, increases the heat transfer
resistance and decreases the heat transfer coefficient on the shell side.

O Pinching causes a jetting effect, which increases the velocity and reduces the residence time of the cold fluid resulting
in less time for heat transfer.

O Pinching causes a jetting effect, which increases the velocity and reduces the shell side resistance to heat transfer,
making the shell side heat transfer coefficient larger.

O The reduced flow rate will allow the cold fluid to stay in the system longer, increasing the residence time, allowing
more time for heat transfer from the hot fluid.

O The flow on the tube-side remains in the turbulent regime, so the heat transfer rate on that side still dominates.

Baffle Window Flow Area

——

To determine the fluid velocity, 7,, on the shell side,
we must divide the shell-side volumetric flow rate,
V,, by which area, A?:

O A=mD,Neype O A=B-W;-D,)

®) A=hbw'ws_§Dg O A=J(h,,w-ws—fog)x(s-(m—o,,))

Driving Force

Cold (blue) and hot (red) water flow through the shell and tube sides, respectively. If you were to reduce the temperature
difference between the hot and cold inlets by increasing the cold-water inlet temperature and decreasing the hot-water
inlet, what will happen to the heat transfer rate between Cases 1 and 2? Assume flow rates stay the same between the two
cases.

Case 1: Case 2: same flow rate
T = 10°C Tein = 15°C
t 3 t 3
' | !
1 1| ) 1|
t . t 4
Thin = 50°C Thin = 45°C

The heat transfer rate in Case 2 will . . .

O Increase.

O Decrease.

O Stay the same.

O Not enough information.
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