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An Evaluation of Student Responses to a Fluid

Mechanics Concept Inventory
Abstract

A concept inventory is a valuable tool to assess a student's grasp of specific concepts within a
course. In this study, we utilized the Fluid Mechanics Concept Inventory (FMCI) in a mandatory
Fluid Mechanics course at a large southeastern university offering an undergraduate Mechanical
Engineering program. The FMCI comprised 30 multiple-choice questions, each with three to five
options. To gather data, we administered the inventory on campus for 60 minutes in a 75-minute
class period during the penultimate week of the semester, with 216 participating students across
the Fall 2022, Spring 2023, and Fall 2023 semesters. Our analysis focused on various
parameters, including item difficulty, item discrimination, reliability, alpha with items deleted,
item response theory, and subscale alpha. The calculated Cronbach's alpha as a measure of
reliability was found to be 0.73, and the correlation between the concept inventory and the final
exam score was weak. We identified several questions that appeared to warrant removal based on
different criteria. Seven questions were suggested for removal when considering the combination
of accepted ranges of difficulty (0.3 to 0.9) and discrimination indices (>0.2), while according to
the item-response-theory-analysis criterion, only four questions warranted removal. To ensure
comparability with other studies using the same inventory, we used all questions despite the
identification of potential removal candidates. We could not perform exploratory or confirmatory
factor analysis or diagnostic classification modeling due to the design of the questions, which
addressed distinct concepts by fewer than three questions converging on a single concept. This
limitation highlights the need for a revised concept inventory to enhance student learning in this
area and ensure the effectiveness of our teaching methods. The paper outlines a step-by-step
Delphi method for developing the revised FMCI.

1. Introduction

The aim of engineering courses, similar to other fields, is to enhance students' comprehension of
basic concepts [1]. Fundamental concepts are not merely lists of topics that make up the
curriculum but the core ideas of a subject that form the basis for equations and problem-solving
[2]. If students have not developed a good understanding of essential concepts, they will have an
unclear foundation of knowledge. This unclarity may result in students being unable to
effectively apply course concepts to solve real-world problems not explicitly addressed in class,
leaving them unprepared for advanced study [3].

Engineering problems require conceptual and procedural knowledge [4]. Instructors are
increasingly broadening learning objectives in undergraduate STEM courses to include not only
procedural knowledge but also conceptual understanding [5]. Conceptual knowledge refers to
principles and relationships within a domain. Procedural knowledge, also known as skills,
algorithms, or strategies, consists of sequences of actions to solve problems [6]. When
conceptualizing undergraduate education, emphasis is placed on how students' ideas fit into
normative scientific and engineering explanations and practices, and how ideas that do not fit
will be changed. As with all learning, the undergraduate science and engineering learning



experience builds on students' prior knowledge [7]. Developing and assessing students'
computational skills can be accomplished easily through traditional homework assignments,
lectures, and standardized exams. In contrast, developing and evaluating conceptual
understanding is more complex [8]. To address this challenge, concept inventories (CI) have
been designed to assess students' conceptual understanding [5].

In this paper, an existing Fluid Mechanics Concept Inventory (FMCI) [9, 10] was administered
to students of a Fluid Mechanics course in the Department of Mechanical Engineering at a large
southeastern USA university. The FMCI consists of 30 multiple-choice questions. It was given
over 60 minutes during a 75-minute class period in the penultimate week of the semester to 232
students from the Fall 2022, Spring 2023, and Fall 2023 semesters. Data from 216 students who
chose to participate were used in the study and analyzed to evaluate the reliability and quality of
the questions. The analysis identified questions that may need to be removed. Since numerous
concepts are being tested or sub-grouped in the current FMCI, it is recommended to be revised
using the Delphi technique [11, 12] to test on major concepts only. Only those questions from
the current FMCI that pass the item analysis and fit the chosen concepts will be retained. This
approach would ensure that the revised FMCI accurately measures students' understanding of the
specific concepts of the course.

2. General Concept Inventory Related Literature

Concept inventory, an assessment method focused on testing understanding of the fundamental
concepts within a subject, avoids assessing procedural knowledge. Therefore, CI questions do
not usually involve calculations or procedural algorithms [5, 13]. Cls include multiple
independent concepts in a single test format [ 14], usually consisting of multiple-choice questions
designed to test students' grasp of core subject concepts and identify possible misconceptions
[13]. The answer choices comprise a correct option and several incorrect alternatives known as
distractors [15]. When designing these inventories, distractors are selected to be particularly
appealing to students with common misunderstandings of the material [3]. CIs help identify
common errors students make during tests and provide valuable information for developing
teaching strategies [14]. Because concept inventories reveal the difference between the intended
learning outcomes and what students learn, educators aiming to enhance their instructional
effectiveness can utilize Cls as a benchmark to measure progress in bridging this gap [16].

The work led by David Hestenes [17, 18] has contributed significantly to the widespread use of
CI as an assessment tool across engineering and various other disciplines [15, 16]. The
Mechanical Diagnostic Test was designed and validated to evaluate students' basic knowledge in
Introductory Physics courses. Initial versions required written responses; however, the final
version adopted a multiple-choice format, incorporating answers that reflected prevalent
misconceptions as alternatives [16, 18]. To enhance the Mechanics Diagnostic Test, the Force
Concept Inventory (FCI) was created to evaluate students' general understanding of the
Newtonian concept of force. The inventory is an investigation of belief systems rather than an
intelligence test, with errors in the inventory providing more insight than correct choices [17].
The Force Concept Inventory (FCI) is regarded as a thorough gauge of students' understanding
of Newtonian physics. The variations in pre- and post-test results within a class can be utilized to



assess the impact of various instructional methods on student achievement. Consequently, the
FCI has had a catalytic impact by promoting discussion of optimal teaching practices [19].

Successful implementation of the FCI has contributed to the creation of concept inventories in
various areas of engineering, science, and mathematics [13, 20, 21]. The Foundation Coalition
(FC), funded by NSF, began efforts to develop Concept Inventories across engineering
disciplines in 2000 [22]. FC provides concept inventories for various fields, including Circuits,
Dynamics, Chemistry, Computer Engineering, Fluid Mechanics, Materials, Electromagnetics,
Heat Transfer, Electronics, Strength of Materials, Signals and Systems, Thermodynamics, and
Waves [23]. With NSF funding, a Colorado School of Mines research team developed the
Thermal and Transport Concept Inventory. The inventory covers introductory thermodynamics,
fluid mechanics, and heat transfer concepts [12, 16, 24, 25]. In addition, the Statistics Concept
Inventory was created to assess students' understanding of basic statistics concepts [26, 27]. A
similar goal was pursued by developing the Statics Concept Inventory for fundamental concepts
of statics [28]. Kaw et al. [29] developed a concept inventory for an engineering course in
Numerical Methods starting in 2013. They used the Delphi technique [11, 12] to identify six key
concepts and refined the concept inventory over a decade to an 18-question test.

3. Fluid Mechanics Concept Inventory Related Literature

Fluid mechanics, one of the fundamental core courses in undergraduate engineering education
[30], includes the mechanics and dynamics of fluids. It is based on fundamental physics and
Newtonian mechanics [31]. In 2001, faculty members from the Mechanical Engineering
departments at the University of Wisconsin-Madison and the University of Illinois, Urbana-
Champaign, initiated a collaboration to develop a Fluid Mechanics Concept Inventory (FMCI)
[9, 31]. This inventory was designed explicitly for the Department of Mechanical Engineering
undergraduate Fluid Mechanics course.

A comprehensive process involving faculty input was utilized to identify the essential concepts
in developing the FMCI. The faculty-developed list of approximately 25 distinct concepts was
categorized into three main areas: basic concepts, fundamental fluid relations, and special cases.
To further validate these concepts, students were requested to compose a list of 10 concepts they
felt confident about and deemed necessary, and 10 concepts they felt uncertain about and deemed
unimportant. The student feedback facilitated refining the list of key topics, leading to the
development of a set of questions[10, 32]. The objective was to ascertain whether students
grasped the fundamental concepts without performing any calculations. Consequently, numerical
calculations were omitted in alignment with the structure of the FCI. The FMCI comprised 30
multiple-choice questions, including graphical and visual representations of the concepts under
study [10, 30, 33].

A study by Fraser et al. [34] used a reduced version of the FMCI to examine the effect of
computer simulations on engineering students' comprehension of fluid mechanics. The questions
not considered integral to the course were mostly about boundary layers. The reduced version of
the test was administered mid-semester to students enrolled in a sophomore fluid mechanics
course. Analysis of the test results by question category highlighted three principal areas of
difficulty: pressure measurement, variable diameter pipe flow, and velocity profiles between flat



plates. Therefore, three sets of simulations were developed to address these identified areas.
Comparison of the post-test (using the same reduced FMCI) with the pre-test results allowed the
effectiveness of the simulations to be evaluated [34].

Baghdanov [35] investigated students' comprehension of pressure pipeline flow. The study
involved participants with distinct experience levels regarding fluid mechanics who were
interviewed using questions from the FMCI and open-ended queries concerning pressurized pipe
systems. The findings revealed that while students could readily grasp the changes in velocity
within pressure pipelines of varying diameters, they often struggled to predict the corresponding
pressure changes correctly. On the other hand, a common misconception related to horizontal
pipelines was that water is considered compressible. Additionally, participants' approaches to
vertical pipelines included using hydrostatic pressure to determine the change in pressure [35].

Watson et al. [32] sought to undertake the initial steps necessary to develop a Fluid Mechanics
concept inventory for civil engineering majors by modifying the FMCI designed for mechanical
engineering. Key topics relevant to civil engineers were identified through input from an expert
panel, student feedback, and analysis of the junior civil engineering students' performance on the
current concept inventory. There was general agreement on fundamental fluid properties,
conservation of mass, Bernoulli's equation, and conservation of momentum. On the other hand,
compressible flow and boundary effects were considered out of scope. Additional concepts
deemed necessary for inclusion in a prospective fluid mechanics concept inventory in civil
engineering were also discussed.

In another study [30], a flipped classroom approach used in an undergraduate-level Fluid
Mechanics course was compared with a concurrent section presented in a traditional mode.
Student success was evaluated by comparing pre-test and post-test FMCI Exam scores, average
final exam scores, and multivariate regression analysis. The FMCI was selected since its
conceptual structure enabled pre- and post-testing opportunities to compare results.

In the study conducted by Brown and Barner [36], responses were gathered from approximately
100 civil engineers regarding concept inventories for Statics, Strength of Materials, and Fluid
Mechanics. The general scores and response patterns of each concept inventory question were
compared between students and engineers. The average student score for the Fluid Mechanics
concept inventory was 50.3%, and they outperformed engineers in 12 out of 30 questions. On the
other hand, engineers with an average of 11 years of experience scored 40.6% and outperformed
students on only one question. Moreover, interviews consisting of eight questions from the Fluid
Mechanics concept inventory were conducted with civil engineering professionals and students.

A French version of FMCI was also created with minor modifications, grouping the questions
into categories: statics of fluids, ideal fluids and conservation laws, external viscous flows, and
internal viscous flows [33].

4. Statistical Analysis of Fluid Mechanics Concept Inventory

According to Jorion et al. [5], using a concept inventory (CI) involves three general claims. First,
students' overall performance can demonstrate their understanding of the CI concepts. Second,
multiple questions on each topic allow for assessment of students' grasp of specific concepts.



Third, it can reveal students' vulnerability to misconceptions or common mistakes, as evidenced
by their answers. In this study, we use the classical test theory (CTT) and item response theory
(ITR) to analyze the Fluid Mechanics Concept Inventory (FMCI) to examine these claims. Jorion
et al. [5] also used exploratory factor analysis (EFA), confirmatory factor analysis (CFA), and
diagnostic classification modeling (DCM) in their analytical framework; we did not use these, as
the FMCI concept classification is either unclear or broad.

4.1 Questions by Concepts

The FMCI consists of questions on several concepts, including introductory fluid statistics,
Bernoulli's equation, conservation principles, drag force, and boundary layer. Watson et al. ([32]
Table 1) show that at least 16 concepts are covered in the 30 questions. In their paper, each
question is marked by a corresponding targeting concept.

The course instructor, the paper's last author, classified the questions into broader concept areas,
which are given in Table 1. Although prior knowledge concepts may be derived from many
concepts, we bundled them as one - Introductory Concepts. The number of questions asked by
each concept is given in Table 1. As one can note, there are six concepts, each with three or more
questions.

Table 1. Questions by concepts

Concept Questions
1 Introductory Concepts 5,7,15,16, 32
2 Fluid Statics 9,10, 12, 14, 18, 30
3 Bernoulli's equation 4,11,17,23,27
4 Conservation Principles 3,6,13,22,25,31
5 Drag force 19, 28, 29
6 Boundary Layer 8,20, 21, 24, 26

4.2 Participation

Table 2 shows the number of students enrolled and participating in the study. The study was part
of an NSF grant [37], and the existing FMCI was one of the assessment tools used to compare a
flipped Fluids Mechanics course with and without using metacognition exercises [38, 39]. A total
of 232 were enrolled in the three semesters, while 216 participated.



Table 2. Number of enrolled and study participants in each semester

Semester Number of Enrolled Number of Study
Students Participants
Fall 2022 102 97
Spring 2023 66 58
Fall 2023 64 61
Total 232 216

4.3 Classical Test Theory Results

Table 3 shows each question's classical test theory results and the averages and ranges of the
numbers calculated for the FMCI. Each column in the table is described below. These results
were obtained using open-source software [40] that analyzes multiple-choice questions. The
web-based software is user-friendly and needs only student responses and an answer key in CSV
format.

Cronbach Alpha without item (CAWI): These alphas measure test reliability by excluding a
question. If the reliability is higher by excluding the question, that is, CAWI is higher than the
overall Cronbach Alpha, the question has negatively impacted the test's reliability. That question
may become an item for removal.

The Difficulty Index (DIFFI): This index gauges the percentage of students who answered a test
item correctly. The difficulty index ranges from 0 to 1, where, nonintuitively, values closer to 1
indicate easier items (a higher number of students answered correctly), and values closer to 0
signify more challenging items (a higher number of students answered incorrectly). A low
difficulty index is not preferred. For instance, if a question has four choices, a difficulty index
below 0.25 can be achieved by random guessing. Similarly, a high difficulty index (greater than
0.9) is also not favored as it does not differentiate between low- and high-scoring students.

Discrimination Index (DISCI): This index evaluates an item's ability to distinguish between
high- and low-scoring students. Positive values suggest that students who performed well on the
overall test answered this question correctly, while those who did poorly were inclined to answer
it incorrectly. Conversely, negative values imply that lower-scoring students were more likely to
answer the question correctly, whereas higher-scoring students tended to err, indicating a need
for item review. Values close to zero imply that the item does not distinguish between high- and
low-performing students. The index is calculated using the scores of the top 27% and bottom
27% of the class on an exam [41]. It is determined by subtracting the number of correct
responses of the low group from those in the high group and then dividing by the total class size.
The index ranges from -1.0 to +1.0, where values approaching 0.0 denote no discrimination. An
ideal index approaches 1.0, with a value of 0.3 or above, which is considered highly
discriminating.

The Point-Biserial Correlation Coefficient (PBCC): This coefficient measures the Pearson
correlation between a dichotomous variable (such as a dichotomously scored item:
correct/incorrect) and a continuous variable (like the overall test score). It is considered a simpler



method to determine the discrimination index. The coefficient ranges from -1.0 to +1.0, with
values close to 0.0 indicating no discrimination between high and low performers. An index
close to 1.0 is ideal, and any value of 0.3 or higher signifies strong discrimination.

Modified Point-Biserial Correlation Coefficient (MPBCC): This statistic is the same as PBCC,
but item scores are correlated to overall test scores without considering the given item in the
overall test score. It is stricter than the PBCC and can be viewed the same way.

Number of options: This refers to the count of options in the multiple-choice test question. The
FMCI has a varied number of options across its questions.

Number of Poor Distractors (NPD): An accepted rule of thumb is that at least 5% of respondents
should select distractors for a question [42]. This column in Table 3 shows the number of poor
distractors in a question that fell below the 5% threshold. If the FMCI is to be revised, these
distractors must be reconsidered.

The reliability Cronbach alpha for the whole test is 0.731, with an average difficulty index of
0.524 and a discrimination index of 0.345. Table 3 also gives the ranges for the various statistics.
The following section explains how these statistics are used to evaluate individual questions.

4.4 Candidate Questions for Removal from FMCI

In a typical multiple-choice test, the statistical measures in Table 3 are used to decide which
questions should be removed and which should be kept. These measures may also indicate
whether to review questionable items. The four criteria we used based on the statistical measures
of Table 4 are described below.

1) Jorion et al. Criterion [5] is commonly used for concept inventories. Some examples include
Statics, Statistics, and Dynamics Cls [26, 28, 43]. Acceptable questions have a Difficulty
Index between 0.3 and 0.9, and the Discrimination Index is greater than 0.2. We mention
other criteria below so the reader can judge and apply them to other multiple-choice question
examinations they may provide.

2) AlphaWOI Criterion is where we include acceptable questions when the test's reliability is
higher than when that question is removed.

3) The Stringent Criterion is more severe than the Jorion et al. criterion [5]. Acceptable
questions have a Difficulty Index between 0.3 and 0.9, and the Point-Biserial Correlation
Coefficient is more than 0.3.



Table 3: Statistics measures for each question
Question Title Concept Alpha WOI  Difficulty Discriminatio  PBCC MPBCC  Number of Number of
n options Poor
hs d e 5 ~ | distracto] ~

Q3 Continuity; compressible 4 0.725 0.664 0.387 0.334 0.239 5 2
Q4 Bernoulli; incompressible 1 0.712 0.749 0.562 0.528 0.456 4 1
Q5 Boundary conditions 3 0.716 0.370 0.486 0.461 0.373 4 0
Q6 Momentum; incompressible 4 0.714 0.379 0.559 0.493 0.408 5 0
Q7 Pressure definition 1 0.729 0.915 0.125 0.209 0.150 4 2
Q8 Boundary layers; incompressible 6 0.723 0.507 0.480 0.365 0.266 5 1
Q9 Pascal’s Law 2 0.725 0.810 0.279 0.313 0.234 5 3
Q10 Manometry; compressible 2 0.719 0.341 0.411 0.414 0.324 5 0
Q11 Bernoulli; incompressible 3 0.722 0.483 0.406 0.379 0.281 3 0
Q12 Forces on submerged surface 2 0.717 0.583 0.469 0.443 0.352 5 1
Q13 Ideal Gas Law 4 0.726 0.327 0.382 0.317 0.222 5 0
Q14 Manometry; compressible 2 0.725 0.341 0.351 0.332 0.237 5 1
Q15 Shear stress; compressible 1 0.722 0.374 0.387 0.380 0.286 5 2
Qle6 Boundary layers; incompressible 1 0.744 0.592 0.034 0.047 -0.058 4 1
Q17 Bernoulli; incompressible 3 0.715 0.706 0.517 0.482 0.401 4 1
QI8 Manometry; compressible 2 0.725 0.403 0.416 0.339 0.241 5 1
Q19 Drag force; compressible 5 0.729 0.137 0.052 0.228 0.156 5 1
Q20 Boundary layer; compressible 6 0.729 0.332 0.179 0.266 0.169 5 2
Q21 Boundary layer; incompressible 6 0.733 0.682 0.155 0.206 0.107 4 1
Q22 Continuity; incompressible 4 0.723 0.507 0.452 0.371 0.273 4 0
Q23 Continuity/Bernoulli; incompressible 3 0.720 0.597 0.456 0.399 0.305 5 1
Q24 Boundary layer; compressible 6 0.727 0.559 0313 0.306 0.205 5 0
Q25 Impulse-momenturm; incompressible 4 0.737 0.573 0.238 0.158 0.052 5 2
Q26 Boundary layer; compressible 6 0.726 0.469 0.374 0318 0.217 4 0
Q27 Continuity/Bernoulli; incompressible 3 0.719 0.664 0.444 0.420 0.331 5 1
Q28 Drag force; compressible 5 0.734 0.730 0.229 0.176 0.081 5 2
Q29 Drag force; compressible 5 0.723 0.569 0.409 0.363 0.266 5 2
Q30 Pressure measurement; compressible 2 0.720 0.137 0.213 0.423 0.359 5 0
Q31 Continuity/ Temperature variations; 4 0.718 0.332 0.455 0.435 0.348 5 0
Q32 Fluid properties (viscosity) 1 0.730 0.896 0.125 0.184 0.119 5 4

Average 0.724 0.524 0.345 0.336 0.247 4.667 1.067

Range 0.712 to 0.744 0.137t0 0.915 0.034 to 0.562 0.047 t0 0.528 -0.058 to 0.456 4t05 0to4d

4) Versatile Criterion is based on the Difficulty Index and PBCC. It provides a range of
recommendations from Remove to Review through Keep, favoring positive PBCC values
near or greater than 0.3 and higher difficulty values. The criteria for this recommendation are
based on [44] and are reproduced below. This approach helps include simple questions to
motivate students at the start of a test or confirm their understanding of basic concepts. It can
also retain challenging questions if they effectively distinguish between distinct levels of
student performance. This Versatile Criterion may be used for multiple-choice tests such as
short quizzes, midterms, and final examinations.

Table 4. Versatile Criterion showing which questions to keep, remove, and review

Difficulty Score (%) PBCC[0.3, 1.0] PBCC][0.15, 0.3) PBCC[0.0, 0.15) PBCC[-1, 0)
[0, 30] Review Review/Remove Remove Remove
(30, 50] Keep (Tough) Review Review/Remove Remove
(50, 80] Keep Keep Review /Keep Review
(80, 100] Keep Keep Keep (Easy) Review




Based on these four criteria, the recommendations for keeping or removing the FMCI questions
are as follows. The Versatile Criterion option provides more granular recommendations, such as
the question may be kept but is tough (low difficulty index).

Table 5. Four criteria results to show keeping or removing a question

Question Title Concept Check Alpha Check Jorion Check Versatile Check Stringent
Q3 Continuity; compressible 4 Keep Keep Keep Keep
Q4 Bernoulli; mcompressible 1 Keep Keep Keep Keep
Q5 Boundary conditions 3 Keep Keep Keep (Tough) Keep
Q6 Momentum; incompressible 4 Keep Keep Keep (Tough) Keep
Q7 Pressure definition 1 Keep Remove Keep Remove
Q8 Boundary layers; incompressible 6 Keep Keep Keep Keep
Q9 Pascal’s Law 2 Keep Keep Keep Keep
Q10 Manometry; compressible 2 Keep Keep Keep (Tough) Keep
Q11 Bernoulli; incompressible 3 Keep Keep Keep (Tough) Keep
Q12 Forces on submerged surface 2 Keep Keep Keep Keep
QI3 Ideal Gas Law 4 Keep Keep Keep (Tough) Keep
Ql4 Manometry; compressible 2 Keep Keep Keep (Tough) Keep
Ql5 Shear stress; compressible 1 Keep Keep Keep (Tough) Keep
Q16 Boundary layers; incompressible 1 Remove Remove Review/Keep Remove
Q17 Bernoulli; ncompressible 3 Keep Keep Keep Keep
Q18 Manometry; compressible 2 Keep Keep Keep (Tough) Keep
Q19 Drag force; compressible 5 Keep Remove Remove/Review = Remove
Q20 Boundary layer; compressible 6 Keep Remove Review Remove
Q21 Boundary layer; incompressible 6 Remove Remove Keep Remove
Q22 Continuity; incompressible 4 Keep Keep Keep Keep
Q23 Continuity/Bernoulli; incompressible 3 Keep Keep Keep Keep
Q24 Boundary layer; compressible 6 Keep Keep Keep Keep
Q25 Impulse-momentum; incompressible 4 Remove Keep Keep Remove
Q26 Boundary layer; compressible 6 Keep Keep Keep (Tough) Keep
Q27 Continuity/Bernoulli; incompressible 3 Keep Keep Keep Keep
Q28 Drag force; compressible 5 Remove Keep Keep Remove
Q29 Drag force; compressible 5 Keep Keep Keep Keep
Q30 Pressure measurement; compressible 2 Keep Remove Review Remove
Q31 Continuity/ Temperature variations; 4 Keep Keep Keep (Tough) Keep
Q32 Fluid properties (viscosity) 1 Keep Remove Keep Remove
Number of 26 23 16 21

keeps

Using only the Jorion et al. Criterion [5], seven of the 30 questions should be removed. These are
Q7,Q16,Q19, Q20, Q21, Q30, and Q32, and they are shown with the two critical statistical
measures of the classical test theory in Table 6.



Table 6. Candidates for question removal based on Jorion et al. [5] criterion

Question Difficulty | Discrimination
Q7 0.915 0.125
Ql6 0.592 0.034
Q19 0.137 0.052
Q20 0.332 0.179
Q21 0.682 0.155
Q30 0.137 0.213
Q32 0.896 0.125
As one can note, Q7 and Q32 are too easy, and Q19 and Q30 are too difficult. Q16 does not

discriminate between low and high performers. The other two questions, Q20 and Q21, are at the

fringes

of the criterion. What are the content reasons for such removals? As per the last author of

this paper, the reasons are given below without giving away the question and its correct answer.

L

II.

II1.

IV.

VL

Q7 (too easy): This question is considered too easy because the concept of pressure and
its directional properties are thoroughly addressed in numerous prerequisite courses such
as physics and thermodynamics. Additionally, this knowledge is frequently applied in
almost every question on midterm and final exams, allowing students ample opportunity
to practice.

Q16 (does not discriminate): The question needs more explicit wording since two
answers might be correct. Also, the statement is lengthy and repetitive.

Q19 (too difficult): The question is challenging because the answer aligns differently
from one's intuition.

Q20 and Q21 (nearly outside the acceptable range): Q20 pertains to a compressible
boundary layer, while Q21 concerns an incompressible boundary layer. Relying on
intuition grounded in solid mechanics principles for compressible flow would mislead
students. Additionally, the instructor does not delve deeply into boundary layer concepts,
possibly because these topics are covered more comprehensively in a fourth-year Heat
Transfer course.

Q30 (too difficult): This question is manageable, but the illustration is unnecessarily
complex and includes irrelevant details, which confuses the students.

Q32 (simple): This question is clear-cut, as the correct answer matches the textbook
definition of viscosity. However, it can be misleading because another option might be
correct based on the value of one of the dimensionless numbers used in fluid mechanics.
Yet, another choice could apply to specific conditions.

We now review item response theory before removing any questions for additional analysis or
providing Fluid Mechanics instructors reasons to update the FMCI.



4.5 Item Response Theory

In classical test theory, all items on a scale intended to measure a single construct are generally
considered interchangeable. However, Item Response Theory (IRT) [45] evaluates the distinct
characteristics of each item. Examining the resulting Item Characteristic Curves (ICCs) is a
straightforward method for understanding this. These curves illustrate the likelihood of an
examinee answering correctly based on their ability. This probability is small for individuals with
lower ability and higher for those with greater ability. Each item produces a smooth S-shaped
curve. In Figure 1, with ability ranging from -4 to +4, the probability starts near zero at lower
levels and approaches one at higher levels. An S-shaped curve is considered to be an indicator of
a good question. For the FMCI, as shown in Figure 1, we see Q7, Q19, Q30, and Q32 clearly
showing non-S-shapes. CTT picked these questions as well.
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Figure 1. ICC curves for FMCI questions

Table 7 shows the subscale alpha for each of the six concept groups. The values are reasonable
for concepts 2, 3, and 4, while low for 1, 5, and 6. We have removed the Q7, Q19, Q30, and Q32
from the CI statistics as these did not meet CTT and IRT expectations. The same table also shows
the subscale alphas without these questions. The results for the subscale alphas are varied, with
two decreasing and one increasing by a nonsignificant amount. This variation suggests that a
revised FMCI may be necessary.

Table 7. Subscale alphas with and without removing questions

Concept Group | Subscale alpha Subscale Alpha with
with all questions | questions removed

1 0.136 0.016
2 0.516 0.464
3 0.716 0.716
4 0.419 0.419
5 0.112 0.136
6 0.224 0.224




4.6 Correlation of CI Score to Final Exam

Figure 2 demonstrates a modest correlation of r=0.24 between the final exam percentage score
and the FMCI percentage score. This indicates that merely 6% of the variability in the final exam
scores can be attributed to the variation in the concept inventory. Administered at the semester's
conclusion, the final exam comprehensively covered the entire course content. The final exam is
a 2-hour assessment given in the last week of the semester during final exam week. The exam
comprises 12 multiple-choice questions reflecting lower Bloom's taxonomy levels and three free-
response questions targeting higher Bloom's taxonomy levels [46, 47]. The final examination
included both types of questions because it provided a comprehensive assessment of students'
understanding of the material. A recommended time distribution was 1 hour each for the
multiple-choice and free-response sections, facilitating a balanced approach to test knowledge
recall and analytical reasoning. The exam was conducted in a closed-book and closed-notes
format. However, students were permitted a one-page, single-sided formula sheet sized 8.5"x11"
to assist them while answering the questions. In contrast to the FMCI, students were allowed to
use a scientific calculator. Throughout all three semesters, students were administered the same
final exam to guarantee a consistent and equitable evaluation of their knowledge base. Each
multiple-choice question was deliberately designed to correspond with the key concepts
previously identified in the CI test (Table 1). The free-response portion required students to
articulate their problem-solving process through written explanations, focusing on fluid
mechanics problems.
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Figure 2. Final exam percentage score vs. concept inventory percentage score
5. Demographic Differences in Student Performance in FMCI

We looked at the student performance of various demographics in the FMCI. The averages of the
different groups showed negligible differences, as measured by using effect size formulas [48],
as shown in the table below. We could not use statistical methods such as Analysis of Means
because the demographic subgroups overlap; hence, the subgroups are not independent.



Table 8. Student performance in concept inventory by demographics

Category Subcategory Count | Average | Standard | Size
percent | Deviation | Difference

Overall Overall 208 52.29 15.33

Socioeconomic Status | Pell Grant Recipients 56 52.74 16.37 0.00
Pell Grant 141 51.58 14.58 0.00
Nonrecipients

Prerequisite GPA Prerequisite GPA>3.5 100 53.30 12.71 0.00
Prerequisite 97 50.48 17.13 -0.01
GPA<=3.5

Gender Male 158 51.96 14.53 0.00
Female 34 50.59 18.10 -0.01

Age Age >21 yrs 77 52.29 17.02 0.00
Age<=21 yrs 118 51.50 13.73 0.00

Academic Level 4th Year Students 51 52.22 18.27 0.00
3rd Year Students or 145 51.86 13.89 0.00
lower

Transfer Status Entered USF as a first- 130 51.90 14.85 0.00
year Student
Transferred from CC 46 51.45 15.69 0.00
Other transfers 21 53.01 15.77 0.00

Minority Status Underrepresented 46 51.81 15.68 0.00
Minority
Non-underrepresented 122 51.94 15.03 0.00
Minority

6. Proposed Method for the Development of the Revised FMCI

Drawing from our experience proctoring FMCI to approximately 250 students and carefully
studying the FMCI, we present the following recommendations. Fluid Mechanics courses play a
crucial role in the curricula of Mechanical, Civil, and Environmental Engineering majors.
However, there are significant differences in the focus and time allocation dedicated to various
fluid mechanics concepts across these disciplines. For instance, the version of the course offered
for mechanical engineering students primarily concentrates on fluid dynamics, delving deeply
into the behavior of fluids in motion and their applications in engineering systems. In contrast,
the Fluid Mechanics course in civil engineering prioritizes fluid statics, emphasizing the

properties and behaviors of stationary fluids and their implications for structures and
infrastructure. Given these differing emphases, it would be beneficial to develop specialized fluid
mechanics concept inventories tailored to the unique needs of each engineering major. This



targeted approach could significantly enhance the effectiveness of the CI, ensuring that students
grasp the relevant fluid mechanics principles that are most applicable to their field of study.

The current Fluid Mechanics Concept Inventory (FMCI) consists of over 30 questions and is
designed to be administered for 60 or 75 minutes during a lecture period. However, certain fluid
mechanics courses are structured for 50 minutes, meeting thrice weekly. This discrepancy
presents an opportunity to create two distinct versions of a new fluid mechanics concept
inventory. The first version could assess students on six key concepts, with three closely related
questions dedicated to each concept as followed in the Numerical Methods concept inventory
[29]. This version would fit within a 50-minute class session. Conversely, the second version will
encompass nine concepts, maintain three questions per concept, and be intended for a 75-minute
class period. This time allocation would allow for a more comprehensive evaluation of the
student's understanding of fluid mechanics, accommodating additional concepts within the
extended timeframe.

The authors recommend using the Delphi technique [11] to develop a new FMCI. The Delphi
technique is structured to gather expert opinions and achieve consensus on specific topics. It is
beneficial for developing concept inventories in educational settings, where identifying key
concepts and common misconceptions is crucial. The steps for following the Delphi technique
[11] in creating a concept inventory are explained in detail in the paper on developing the
Numerical Methods concept inventory [29].

Following the Delphi technique ensures a systematic and collaborative approach to developing a
concept inventory. By leveraging the expertise of subject matter experts and achieving
consensus, a reliable and valid assessment tool can be created that accurately measures students'
conceptual understanding and identifies misconceptions.

7. Conclusions

This study evaluated the Fluid Mechanics Concept Inventory (FMCI), which was administered to
students in a mandatory Fluid Mechanics course at a large southeastern university. The FMCI,
which consists of 30 multiple-choice questions, was used to assess students' understanding of
key fluid mechanics concepts. Our analysis revealed several insights into the reliability and
quality of the inventory.

The calculated Cronbach's alpha of 0.73 indicates a reasonable level of reliability for the FMCI.
However, the weak correlation between the concept inventory scores and final exam scores
suggests that the FMCI may not fully capture students' comprehensive understanding of the
course material. Several questions were identified as candidates for removal based on various
criteria, including item difficulty, item discrimination, and item response theory. Specifically,
questions that were either too easy, too difficult, or did not effectively discriminate between high
and low performers were recommended for removal.

The limitations of the current FMCI highlight the need for a revised inventory that better aligns
with the specific concepts taught in the course. The Delphi method is suggested as a systematic
approach to developing a more effective FMCI. This revised inventory should ensure that each



question accurately measures students' understanding of the targeted concepts, enhancing the
overall assessment process.

In conclusion, while the current FMCI provides valuable insights into students' conceptual
understanding of fluid mechanics, there is room for improvement. A revised and more targeted
concept inventory will not only improve the reliability and validity of the assessment but also
contribute to better teaching strategies and enhanced student learning outcomes in fluid
mechanics.
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