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We used a sequential synthesis problem to investigate novice teachers’ conceptual difficulties in
hydrodynamics. Twenty-one new secondary level physics teachers from various regions of China, who had
been in service for no more than 2 years, participated in the study. Each participant completed a written
hydrodynamics problem consisting of four questions, all of which were related to a situation about water
flowing in a long, nonuniform tube of different cross sections, heights, and orientations. Analysis of the
teachers’ written performances exposed a number of errors. To further investigate their underlying
notions about hydrodynamics, we conducted one-on-one interviews with 13 teachers selected randomly
from those making such errors on the written test. The interviews revealed three major categories
of errors about hydrodynamics held by our novice teachers. These relate to (a) ontological confusions and
misuse of properties associated with solid, liquid, and gas; (b) deficient perceptions of force-motion and
work-energy analysis; and (c) mischaracterizations about the nature of Bernoulli’s equation and the
quantities therein. Here, we not only replicated some of the literature-reported misconceptions but also
uncovered new ontological notions of hydrodynamics held by physics teachers, an underresearched
population on this topic.
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I. INTRODUCTION

Hydrodynamic applications are ubiquitous [1] and have
direct and significant impacts on our everyday lives. It is no
surprise that the science content standards for secondary
physics in China include fluid concepts, such as pressure
and buoyancy [2], as part of the key ideas to be discussed in
class. This requires physics teachers to have robust under-
standings of various topics in fluid mechanics. To that end,
fluid dynamics has traditionally been an integral compo-
nent of the “Special Topics in Fundamental Physics,” a
professional development course that we designed and
taught for new, in-service secondary physics teachers as
part of their continuing education program.
Conceptual difficulty is one of the earliest and most

widely studied areas in physics education research [3,4].
Research on this topic has uncovered a collection of
alternative ideas held by science learners and has informed
the design and implementation of various curricula, includ-
ing those for teacher education and training. Although

many misconceptions have been documented for
both introductory and advanced-level physics, the task
of creating a complete catalog of alternative conceptions
in all topics is still daunting [3]. In the area of hydrostatics,
there have been studies of student conceptual difficulties
with buoyancy, pressure, and other related topics, such as
Archimedes’ principle [5–15]. However, research on
misconceptions about hydrodynamics is still scant. Of
the few studies on this subject, nearly all have been limited
to discussions about the challenges in teaching Bernoulli’s
equation or development of assessment instruments
such as the Fluid Mechanics Concept Inventory (FMCI)
[16–30]. In addition, the target populations of the prior
studies have mostly been students. Physics teachers, on
the other hand, have by far received disproportionally
little attention on this matter.
In this study, we used a nontypical approach to inves-

tigate teachers’ notions of hydrodynamics. Specifically, we
created a sequential synthesis problem in which the teacher
participants needed to reason through a set of sequenced
phenomena or events by integrating multiple hydrodynam-
ics concepts and employing different representations, such
as diagrams and graphs. This allowed us to examine the
teachers’ notions about hydrodynamics in concrete scenar-
ios. More importantly, our use of a sequential synthesis task
allowed us to uncover what otherwise would have been
difficult to capture had we used a set of individual,
unrelated single-concept questions. Here, our goal is to
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understand how novice teachers perform hydrodynamics
tasks. More specifically, we attempt to answer the follow-
ing questions.

(i) What common errors do novice teachers demon-
strate in solving a sequential synthesis problem
involving an ideal fluid flow under a sequence of
different conditions?

(ii) What underlying notions do novice teachers hold
about hydrodynamics that may have contributed to
their errors?

II. PRIOR STUDIES AND THEORETICAL BASIS

A. Misconceptions in fluid mechanics

Prior research on teaching and learning of hydrody-
namics has revealed several common misconceptions
held by students. One pertains to their understandings
of the incompressibility of liquid. (Note that unless
otherwise indicated, the terms of fluid and ideal fluid
henceforward refer to liquid only.) In the context of
hydrostatics, Kariotoglou et al. [10] and Kariotogloy
et al. [11] found that students entirely overlooked the
incompressibility feature and thought pressure in fluid
would increase when the fluid was confined in a smaller
place. In teaching hydrodynamics, Suarez et al. [31] and
Brown et al. [32] also found that when answering
questions about water flowing vertically downward out
of a tube or into a narrower section of a horizontal pipe,
students often used a smaller cross section as evidence to
argue that water was compressible and hence reasoned
that water pressure would increase after it entered a
constricted region. Additionally, despite the different
mechanisms for an increased flow speed in the above
two scenarios, students invariably drew on the idea of
water being compressible to conclude that speed and
pressure would both increase as the cross section of the
flow decreased. Similar findings were also reported by
Watson et al. [18] who examined students’ performances
on the FMCI questions.
Learners’ conceptual difficulties with force analysis are

another important part of the previous studies. In hydro-
statics, Kariotoglou et al. [10] found that students directly
related fluid pressure to the weight placed above it.
Similarly, as Besson [6] mentioned, students only
included into analysis forces from above a fluid element
but ignored those from underneath it. This error, as Suarez
et al. [31] noted, was also detected in the context
of hydrodynamics, where students considered upstream
of a fluid to be the sole source of external force on a
fluid element and applied it to both confined and uncon-
fined fluids.
When it comes to the relationship between pressure

and speed in hydrodynamics, students often invoked the
idea of “the greater speed the less pressure.” This, as
Smith [22] mentioned, was what many physics teachers

would refer to as a quick summary of Bernoulli’s
equation; but it left out important details of the conditions
under which this idea might apply. Here, it is important to
note that Bernoulli’s equation is derived from the work-
energy theorem under the assumptions that an incom-
pressible fluid undergoes a steady, laminar flow with no
friction, and that the principle is to be applied to fluid
elements along the same streamline [33–36]. However,
even after learning this principle, students still failed to
invoke it for problem solving. For example, Suarez et al.
[31] found that in the context of water flowing vertically
down a uniform tube, many students either disregarded the
change in water pressure and treated the situation as a
simple free fall, or ignored water speed and equated the
situation to a hydrostatic case by concluding pressure to
be in direct proportion to height. Even for those who did
invoke Bernoulli’s equation, they showed various diffi-
culties with its application. For instance, Recktenwald
et al. [37] found that students improperly applied
Bernoulli’s equation to a nonsteady, turbulent flow in a
region where there is a noncontinuous change in cross
section along a pipe. Similarly, Suarez et al. [31] found
that students often mechanically applied Bernoulli’s
equation and neglected the height of a flow by concluding
a direct relationship between an increased speed and a
decreased pressure.

B. Uncovering and understanding misconceptions

In studies of misconceptions, researchers have proposed
different frameworks to account for students’ conceptual
difficulties. For example, Chi’s ontological category frame-
work describes students’ robust misconceptions as a result
of their miscategorization of ontologically different exis-
tences [38,39]. According to Chi, students may mistakenly
assign characteristics possessed exclusively by one cat-
egory of existence, such as entities, to another category,
such as processes. A corollary is that students confuse
between different ontological existences and form mis-
conceptions that are resistant to change. While Chi’s
reference to ontology was at the highest level of hierarchy
(meaning no shared superordinate-level category between
any two ontologies), other researchers have applied this
idea to lower levels. For example, Hoehn, Gifford, and
Finkelstein [40] described wave and particle as two
distinct ontologies, although both could be fitted under
Chi’s “entities” category. Similarly, Scherr and colleagues
[41,42] identified three ontologies of energy used by
students and physicists, namely, substance, stimulus, and
vertical location, while in fact these ontologies can also be
subsumed under Chi’s “entities” category. In the current
study, we align our use of the term “ontology” to those in
the studies by Hoehn et al. and Scherr et al. and apply
this approach to investigate participants’ ideas of fluid
dynamics. Simply put, we consider categories at lower
hierarchy, for example, different states of matter as
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distinct ontologies1 since they each exclusively possess
properties that others do not. In addition to Chi’s ontology
framework, Vosniadou [43,44] proposed a “theory” theory
to account for learners’ intuitive ideas, particularly those
of young children’s. She argued that their conceptions
originated from relatively coherent, frameworklike
“theories”; hence, children can use incorrect ideas in a
consistent manner to make explanations and predictions
of natural phenomena. In contrast, DiSessa’s knowledge-
in-pieces theory highlighted the fragmented nature of
learners’ intuitive ideas and contended that these ideas
were made of p prims and were not coherently organized
[45]. Drawing on this notion, Hammer and colleagues
further proposed a resource framework, in which they
conceptualized learners’ knowledge structure as a system
of loosely connected resources, capable of being activated
or deactivated depending on the contexts [46].
As Brown et al. [32] pointed out, context plays a

significant role in students’ thinking, and students’ mis-
conceptions are often situational. For example, with every-
thing else being the same, after a tube was raised vertically
up from its initially horizontal position, student approaches
to the otherwise isomorphic question differed drastically.
Therefore, it is important to design scenarios in which
student misconceptions can be fully exposed and clearly
identified. Brown et al. [32] also found that when respond-
ing to multiple-choice questions, some participants wished
to select an answer that was not provided in the given
choices, and yet other participants did not believe any of the
given options was correct but felt forced to select one.
To mitigate the constraints placed on students’ thinking

due to question types and the ways questions are phrased,
multiple representations can be employed as an effective
solution. Studies have shown that student performance on
physics problems varies with representational formats [47].
Kohl et al. [48] found that students generally viewed
mathematical expressions and diagrams as two primary,
but mutually exclusive, representational tools in physics.
They associated diagrams strongly with physics concepts
but could not see the inherent connections between
mathematics and physics concepts. To that end, requiring
students to use different representation formats to tackle
physics tasks can be an effective way to reveal their hidden
conceptions. This point was clearly illustrated in Cao’s
study of high school students’ understandings of electric
fields, in which diagrammatic representations were shown

to be a powerful tool to uncover learners’ hidden con-
ceptions [49].
In review of the prior work on teaching and learning fluid

mechanics [18,28,31,32], we found the tasks used were all
short questions of independent scenarios. Differing from
this convention, we created and used a sequential synthesis
problem [50–55] to study novice teachers’ understandings
of hydrodynamics (see Sec III. for details). Here, the
problem involves multiple phenomena taking place in a
chronological order. It depicts a water flow undergoing a
sequence of changes due to varying conditions. In a sense,
each phenomenon represents a scenario of similar hydro-
dynamics concepts but is designed to be in differing surface
features. A successful problem solver needs to jointly apply
multiple hydrodynamics concepts consistently to capture
these sequenced events.

III. METHODOLOGY

A. Participants

The participants of the study were a cohort of 21 novice
teachers who had earned a bachelor’s degree in science
from the physics department at a large research university
in China. By the time of the study, they had only taught
physics full-time for 2 years in their respective secondary
schools. All of the participants had systematically studied
physics during their undergraduate program.
This study took place in a continuing professional

development course in summer 2019, titled Special
Topics in Fundamental Physics. Designed specifically
for new in-service teachers, this course integrated univer-
sity physics and secondary-level pedagogies and was
organized into a series of topical content areas. Each class
consisted of two parts, a lecture on physics content
followed by open discussions among the participating
teachers to solidify their understandings and applications
of learned knowledge. Four hours of class time were
devoted to fluid dynamics, including topics of the con-
tinuity equation, Bernoulli’s equation and assumptions for
ideal fluids. These concepts were all part of the university-
level introductory mechanics that the novice teachers had
taken six years ago in their freshmen year. In the present
study, the teachers revisited fluid dynamics in class before
taking a written test (see below). Scores on the test did not
count toward their final course grades, but we encouraged
them to take the test seriously by asking them to give their
best and honest answers.

B. Tasks and analysis

We designed a sequential synthesis problem, in which an
ideal incompressible fluid (water) flows through a nonuni-
form tube of variable cross sections, heights, and orienta-
tions and finally runs out of the tube. This problem requires
our participants to invoke multiple hydrodynamics con-
cepts, including fluid element, speed, pressure, and energy

1Perhaps we may call them ontological branches to better align
to Chi’s use of the term “ontology”. It is worth noting that we do
not intend to engage in a philosophical debate of what types of
existence deserve the name ontology, as it is beyond the scope
of the study. We do, however, propose the aforementioned use of
this term for the convenience of conveying findings. In fact, even
in her seminal paper, Chi [39] put forth a disclaimer stating that
her definition of ontology was not meant to be conclusive.
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in relation to Bernoulli’s equation and the continuity
equation. It is worth noting that the problem contains a
set of sequenced phenomena or events, each representing a
spatiotemporally separate scenario. It differs from a tradi-
tional multipart problem where a single phenomenon or
event is conceptually divided into a set of operationally
manageable steps, each serving as scaffolding to bring a
problem solver progressively closer to the final answer.
The statement of the test problem is quoted verbatim as

follows. Consider a small and smooth tube with a circular
cross section all along, as shown in Fig. 1. Six cross
sections S1–S6 and five regions I–V are marked in the
diagram. The cross section of the tube decreases gradually
throughout region II but remains constant in regions III–V.
Regions I–III of the tube are leveled at the same height
(note that diameter is negligible relative to height).
Beginning in region IV, the tube gradually decreases in
height until in region V, where it stays leveled again. Water
enters the tube from the left of S1 with an initial horizontal
speed v1 and pressure P1, and finally it flows out of the tube
into open air at S6. Consider the water as an ideal fluid
undergoing a steady streamline flow in the entire process.
We asked our teachers to answer the following questions.
Q1. Marked on S1 are the beginning segments of
three streamlines of the flow at points A, B, and C,
respectively. Please complete the streamlines in all
regions along the tube from S1 to S6.

Q2. Select a water element dm at point B, the inlet of the
tube. Discuss the change in its speed v and pressure P
along the tube from S1 to S6, respectively.

Q3. D and E are two locations near the outlet S6 of the
tube. D is at the inside of the tube and E is at the
outside. Please compare the speed and pressure of
the water at D with those at E, respectively. Also
compare the water pressure at these two points with
the atmospheric pressure P0, respectively.

Q4. Fig. 2 shows a coordinate system. The x axis
represents the horizontal position along the tube,
and the y axis represents three quantities 1

2
ρv2, ρgh,

and P of a water element dm. The initial values
of the three quantities at S1 are marked on the y axis.
Please draw three curves, representing 1

2
ρv2, ρgh,

and P, respectively, as a function of x, as dm moves
from S1 to S6.

This sequential synthesis problem required our partic-
ipants to invoke properties of ideal fluid in conjunction with
Bernoulli’s equation to identify key quantities of a water
system at various points along a tube. To be successful in
solving the problem, participants must understand the
difference between streamline and path line, the difference
between static pressure and stagnation pressure, and the
fundamental assumptions for Bernoulli’s equation that
relate directly to the properties of ideal fluid. These
concepts, while basic in introductory fluid dynamics, are
often challenging for learners and even physics instructors.
To assist readers in better understanding these concepts in
the context of solving the synthesis problem, we include
correct answers in the Appendix. Also included therein is a
list of relevant core ideas in introductory fluid dynamics
that are required of university physics majors in China.
We administered the sequential problem to the

teacher participants as a 30-min written test in class.

FIG. 1. Water flows in a nonuniform tube of different cross sections and heights. It enters at S1 and exits to open air at S6

FIG. 2. A coordinate system for graphs of three quantities 1
2
ρv2,

ρgh, and P as a function of the horizontal position x of a fluid
element.
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Their responses were collected and analyzed. We first
identified patterns of error revealed from the participants’
responses. Then, for each of the identified pattern, we
randomly selected 2–3 participants who made such errors
for one-on-one semistructured interviews. Each interview
lasted for 15–20 min, during which the teacher participant
was required to explain their written responses in detail. To
minimize unnecessary interventions, the interviewer would
only encourage the participant to continue talking when
there was a long pause or would ask the participant
clarifying questions to better understand their ideas. All
interviews were initially conducted, transcribed, and ana-
lyzed in Chinese before being translated into English. The
authors independently studied the transcripts and the
original videos to highlight the representative excerpts
indicating the teachers’ alternative ideas. From these
excerpts, we then iteratively grouped the identified ideas
and excerpts into categories that could capture the most
foundational notions held by the participants about hydro-
dynamics. In the course of the work, we regularly com-
pared notes among the authors and discussed any exisiting
differences until a full agreement was reached. In what
follows, we report the identified patterns of error and the
teachers’ notions about hydrodynamics.

IV. ANALYSIS AND FINDINGS

A. Written results

From the participants’ written responses, we identified
their patterns of error in each question of the hydro-
dynamics problem. These patterns speak directly to our
teachers’ faulty notions of fluid streamline, pressure, and
Bernoulli’s equation. A major error emerging from ques-
tion 1 is that the teachers treated streamlines as something
that ought to be merged as the water entered into narrow
regions of the tube. In questions 2 and 3, what stands out is
the teachers’ difficulties with water pressure under various
conditions. They considered what should be a constant
water pressure across region I as decreasing and what
should be an increasing water pressure across region IVas
constant. Also prominent is their difficulty in dealing with
pressure at the interface between water and the atmos-
phere. As for graphing the different variables along
the tube in question 4, some teachers treated these
variables as not in sync with each other but instead added

a delay between P and 1
2
ρv2. Table I shows these error

patterns and the percentages of the participants who made
such errors. Also shown in Table I are the identifiers of
those who participated in interviews (see Sec. IV B for
interview results).

B. Interview results

Behind these error patterns underlay some of the most
fundamental notions about the nature of fluid held by our
participants. We uncovered a number of these notions from
the interviews and summarized them into three categories
related specifically to (a) indiscriminate use of features
inherent to ideal liquid, solid, and gas models; (b) improper
analysis of fluid element; and (c) misinterpretation of the
nature of Bernoulli’s equation. In what follows, we discuss
each of the three categories with illustrations from our
participant interviews.

1. Ideal liquid, solid, and gas models

Many of the participants’ errors rooted deeply in their
ontological confusions about the properties of ideal fluids.
Our teachers frequently treated liquid as either a solidlike or
a gaslike substance, conflating the key features of three
commonly used models of solid, liquid, and gas.
Treat water (ideal fluid) as a solidlike substance. When

discussing ideal fluid, some of the teachers correctly
mentioned its incompressibility feature but unfortunately
equated incompressibility to zero deformation. In other
words, they considered each water element either as a rigid
body where the distance between any two points would
remain constant (cf. solid model) or as small particles with
negligible volume (cf. simplified solid model). As a result,
they conceptualized ideal fluid as a collection of non-
deformable “cubes” or point particles. This notion of ideal
fluid has not been previously reported in the literature but
was captured in our teacher interviews. For example, one
teacher participant said

T1: Water is incompressible, and the fluid element is so
small that it can be seen as a cube. There is not enough
space to enter the narrow tube, so you have to let it go
through it one at a time……Umm, like many people
entering the same door, they can only pass through it
one by one.

TABLE I. Error patterns, percentages of error, and interviewee identifiers for each sequenced task of the hydrodynamics problem.

Task Patterns of error Number (%) Interviewees

Q1 Combine streamlines in narrow regions 6 (29%) T1, T5, T8
Q2 P decreases across region I 3 (14%) T3, T16, T18

P remains constant in region IV 7 (33%) T6, T9, T10
Q3 PD ¼ PE > P0 10 (48%) T1, T7, T11

PD ¼ PE < P0 2 (10%) T2, T8
Q4 Add a delay between P and 1

2
ρv2 2 (10%) T11, T15
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Another teacher participant used ideas derived from the
point-particle model to treat water and said

T8: Well, if a fluid is incompressible, you can think of a
fluid element as a point particle. It’s like when you think
of the earth revolving around the sun, the earth can be
seen as a point particle. Like sand in an hourglass, they
flow through narrow surface one by one.

Because of their use of solid-model-like features to
conceptualize water, these participants came to such a
mental picture that there would be fewer water elements
passing through a narrower cross section at a time. Or put
differently, they considered the instantaneous number of
water elements on a cross section to be proportional to the
area. That is why they merged the initial three streamlines
into a single streamline as the water entered region II of a
smaller cross section (see Fig. 3). In principle, streamlines
are curves that are tangential to the velocity vectors of
fluid elements, and their density is proportional to
the magnitude of the local velocity. In other words,
streamlines are diagrammatic representations of a velocity
field. However, our participating teachers mischaracterized
these representations as a trajectory of small solids. As a
result, their streamlines would merge or split as a function
of cross-sectional area.
Treat water (ideal fluid) as a gas-like substance.

Contrary to the above cases, other participants invoked
what should have been the properties of gas to reason
about water. One particular type of ontological error in
this category is to think of ideal fluid (water) as com-
pressible like gas compression. For example, when
explaining why he merged three streamlines into one at
a narrower cross section, one teacher (T5) stated

T5: Water is a fluid. As the tube narrows, there is not
enough space, and the fluid elements will be compressed
together to pass through the tube. The density of the
fluid increases after compression. Three fluid elements,
each with a unit volume, now are being compressed into
one unit. The fluid elements on the three streamlines
become one when the tube narrows, so there should be
only one streamline.

Clearly, the participant treated water as compressible like
gas. In his opinion, a decrease in cross section would result
in water compressing and thus an increased density. As
with the above cases, the participant drew what seemed to
be the trajectories (path lines) of water elements to
represent streamlines and combined the initial three lines
into one at a narrower section of the tube. Despite the same
drawings, the underlying mechanism here is fundamentally
different from that of the above. Here, the participant
conceptualized water as a compressible substance like a gas
and thereby concluded a reduced number of water elements
after compression, whereas in the above cases the partic-
ipants conceptualized water to be made of small non-
deformable solids such that only a fewer number of them
could pass through a narrower cross section at a time (and
hence fewer streamlines).
Another type of reasoning under this category, which

also has not been reported in the previous literature, is to
treat water as a gaslike freely moving substance by
neglecting cohesion in liquids. For instance, two inter-
viewees provided the following rationale to conclude that
the static pressure in water at the outlet of the tube would be
less than the atmospheric pressure:

T2: At point E, I’m sure…its pressure is less than
atmospheric pressure, otherwise the water flow will
disperse, it is atmospheric pressure that makes the water
gather to be a column.
T8: At point E, I think it should be lower than the
atmospheric pressure because… I think water is bound
by atmospheric pressure and becomes a column. If there
is no atmospheric pressure and there is no external
constraint, the water will disperse like gas.

Here, both teachers borrowed features charactieristic
of a gas (cf. gas model) to account for water. They
thought water particles would diffuse the same way as
gas molecules if the atmospheric pressure were not
sufficiently great.
Additionally, some teachers confused the mechanism of

water pressure with that of gas pressure. Specifically, they
invoked the concept of density as the sole determinant to

FIG. 3. A drawing of streamlines by a teacher participant (T1).
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analyze both water pressure near the outlet of the tube and
the atmospheric pressure. To the best of our knowledge,
this notion of pressure mechanisms has not been docu-
mented in the previous studies but emerged in our study.
Below is such an interview except between a participating
teacher and the interviewer.

T11: Compared to P0…it is obvious that the atmos-
pheric pressure is not as big as that of D and E because
the liquid pressure is definitely greater than the gas
pressure. It’s a common sense.
Interviewer: You say it’s a common sense… Can you
explain what you are thinking?
T11: That is, umm, under the same volume, the greater
the density, the greater the pressure. The density of the
liquid must be greater than that of the gas, that’s what I
thought… So, the liquid molecules are pressed so close
together. Think of the molecules of the air, far apart.

As seen, the participant resorted to the idea of intermo-
lecular distance to conceptualize the same mechanism for
both water and air. It is true that for a closed system of gas,
reducing intermolecular distance can lead to increased
density and pressure (an increased number of collision
on the walls of a container in a certain time), but the
mechanism for water pressure is fundamentally different.
However, the participant indiscriminately used a mecha-
nism that would only be suitable for ideal gas to account for
water pressure.

2. Analysis of fluid elements

Also prominent from our interviews are the teachers’
struggles with the analysis of fluid elements, a topic that has
not been well studied in the area of hydrodynamics.
Choosing a proper system of fluid element and separating
it from its surroundings for force-motion and work-energy
analysis is critical in reasoning about hydrodynamics.
However, our participants revealed noticeable deficiencies
in this area.
Defective performance on force-motion and work-energy

analysis. While our teacher interviewees attempted to
perform force-motion and work-energy analysis to answer
hydrodynamic questions, their deficiency in carrying out
some of the most basic evaluations, such as force analysis,
was amajor roadblock. For example,when responding to the
question of fluid speed and pressure in Q2, one teacher drew
three juxtaposed fluid elements A, B, and C near the
borderline of regions I and II with elements A and B in
region I and element C in region II (see Fig. 4). He then
continued

T3: For example, these three elements are on the same
streamline [Fig. 4]. The kinetic energy of elements A
and B on the left side remains constant [marking
“Ek–”], but the kinetic energy of the fluid element C

on the right side begins to increase [marking “Ek ↑”].
Where does the energy come from?… Element A exerts a
force on element B to do positive work on it, while A keeps
its own kinetic energy unchanged. So, A should receive
an external force from the left. I marked this force as FP.
… Um, I remember our middle school textbook men-
tioned that a pressure difference between the upper and
lower surfaces of a cube immersed in water can bring an
upward buoyancy. Here, the pressure difference causes
FP, and the pressure on the left side of A is greater than
that on the right side.
After region II, the cross section of the tube no longer
changes. The kinetic energy of a fluid element will no
longer accelerate, so water pressure will not change in
region III.

Here, the participant began with a focus on the kinetic
energy of element A and correctly recognized an external
force that A received from the left. However, what he failed
to realize was that this was not the only horizontal force on
elementA. As such, he mistakenly took this individual force
as a net force on A to conclude a pressure difference. His
subsequent reference to buoyancywas to reassure himself of
the “correctness” of his conclusion and also to close the gap
in his explanation by relating force to pressure. Interestingly
enough, the same participant then continued to analyze
region III and said that the cross section of the tube from
region III and afterwards “no longer changes,” therefore the
kinetic energy of a fluid element and “water pressure will
not change in region III.” In other words, he used the
downstream cross section being invariant and equal to that in
region III as the sole determinant to conclude about the
motion and pressure of the water in region III, skipping the
force-motion analysis entirely.
Another teacher followed a similar line of reasoning to

answer Q2. Differing from the above participant who
mostly resorted to a force analysis to tackle the problem,
this teacher attempted to use the work-energy relationship
to answer the question but failed to account for the total
work on the system of choice. Below is an interview
excerpt of his analysis of water pressure in region I. Note
that the teacher used region II, the downstream, as a point of
departure to infer water pressure in region I.

T18: The flow speed in region II increases, so energy is
needed. Energy comes from the inlet of the tube on the

FIG. 4. A force diagram, drawn by a teacher participant (T3), of
fluid elements at the borderline of regions I and II.
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left…Without first doing work on the fluid near the inlet
in region I, how would the energy be transmitted to the
distal region II? Doing positive work on the fluid
element in region I means that there is a net force to
the right, so the pressure decreases.

As seen, the teacher created a fictitious agent, external to
the water in the tube, as an energy source to supply kinetic
energy to the water. He attempted to use the causal
relationship inherent in the work-energy theorem to infer
a positive work done on the system (water in Region I) by
the external source, but he failed to take into consideration
the negative work done by the downstream water on the
right (perhaps because he viewed the water system to be a
mere transmitter of energy from the upstream to the
downstream). Ultimately, he used what in fact should be
an individual work in place of the total work to conclude a
nonzero net force on the system, hence reaching an
incorrect answer about water pressure.

3. The nature of Bernoulli’s equation

Besides the above findings, we also uncovered areas
related to the teachers’ notions about the nature of
Bernoulli’s equation. Specifically, our participants mischar-
acterized the applicability of Bernoulli’s equation and the
physical meanings of the variables therein.
Misinterpretation of Bernoulli’s equation. The funda-

mental message conveyed by Bernoulli’s equation is the
constant nature of the sum of three physical terms in an
ideal fluid: pressure (P), kinetic energy per unit volume
(1
2
ρv2), and gravitational potential energy per unit volume

(ρgh). It is a mathematical description of a state in hydro-
dynamics at any instant and can be applied to any points
along a streamline. However, some of our teachers mis-
construed the ontological nature of Bernoulli’s equation
and viewed it as a process where changes in the three
quantities would not be in synchrony but rather somewould
lag behind others. For example, one teacher plotted a graph
as shown in Fig. 5 to illustrate the relationships between P,
1
2
ρv2, and ρgh. He then explained his work as follows:

T11:Umm… P and 1
2
ρv2 are different. The pressure P is

the state at a certain point in space, which represents the
force on the fluid element, while 1

2
ρv2 is the kinetic

energy component, which is gradually acquired or lost
by matter…The change of kinetic energy requires work,
and there will be no work without distance…Therefore,
the change of the kinetic energy component should lag
behind P with a distance delay of x (marked in Fig. 5),
so there is a distance between force and energy.

Interestingly, the participant drew on the work-energy
theorem as a basis to conceptualize a causal relationship
between P and 1

2
ρv2, contending that it was the work done

by the force (related to P) that led to a change in the water’s

kinetic energy (related to 1
2
ρv2). As such, he deliberately

created a delay (marked as x) in region II to show the cause
slightly preceding the effect over a short distance.
This exact viewpoint was also expressed by a second

teacher interviewee, who offered yet another quite
revealing explanation when being asked by the interviewer
if such a delay would produce any inconsistency with
Bernoulli’s equation.

Interviewer: Does the result [delay] contradict Ber-
noulli’s equation?
T15: It is not contradictory, because to increase the
kinetic energy of the water you need to do work, it is
done over a distance and needs time. The final stable
result will still be a constant like before. For example, if
you pick three elements in Regions I, III and IV
respectively, the sums of the three terms in Bernoulli’s
equation will still be equal for the three regions.
Interviewer: What does “stable” mean?
T15: That’s to say regions with a constant velocity.

Here, the participant referred to the non-accelerating
water as a stable system and thought it was only under this
condition that Bernoulli’s equation would apply.
Conceivably, this participant mistakenly equated a steady
flow to a non-accelerating fluid system, thereby distorting
the usage of Bernoulli’s equation. It is worth pointing out
that although prior studies have documented student
difficulties with Bernoulli’s equation, there has been no
report of ontological mischaracterizations of the nature and
applicability of this principle.
Misinterpretation of the quantities in Bernoulli’s

equation. Besides the aforementioned views about the
nature of Bernoulli’s equation, some teachers also assigned
incorrect meanings to the quantitates in the equation.

FIG. 5. A graph of 1
2
ρv2, ρgh, and P as a function of horizontal

position x drawn by a teacher participant (T11).
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The term of pressure, for example, is such a frequently
misunderstood quantity. When using Bernoulli’s equation
to answer Q3, one teacher responded that water pressure at
the outlet of the tube would be greater than atmospheric
pressure and provided the following reasoning:

T1: If you place a hand near the outlet of the tube, into
the stream, you will feel a strong force, so the water
pressure is huge, surely greater than the atmospheric
pressure. Umm, like a firehose, it is even more power-
ful… Also, when the water first flows out, it’s a water jet
in the shape of a column, and its pressure is very high…
Then gradually the column shape of the water jet no
longer holds, so the pressure should decrease accord-
ingly… When the water eventually disperses into water
drops, it’s the same as the atmospheric pressure.

Here, it is important to differentiate two fundamentally
different concepts, static pressure P as used in Bernoulli’s
equation and stagnation pressure (or total pressure) often
expressed as the sum of static pressure P and dynamic
pressure 1

2
ρv2. What the above teacher participant referred

to, in fact, is a stagnation pressure, not a static pressure
denoted by P in Bernoulli’s equation. This is because in the
example raised by the participant, the water flow was
intercepted by a hand. Therefore, the pressure on the hand
ought to include both the static component P and the
dynamic component 1

2
ρv2. However, the participant con-

fused the two and ascribed what should be stagnation
pressure to the term P, thereby reaching an incorrect
inference about water pressure at the outlet of the tube.

V. DISCUSSION AND IMPLICATIONS

As evidenced in the above findings, the underlying
notions that our novice teachers held about hydrodynamics
touched upon some of the most fundamental features of
fluid dynamics, relating directly to the ontological proper-
ties of ideal fluids, the function of force-motion and work-
energy analysis, and the nature of Bernoulli’s equation. It
was on these critical matters that our teachers struggled a
great deal, and consequently their responses to the various
tasks of the sequential problem revealed a number of errors.
It is interesting and also somewhat surprising to see that

our in-service teachers used what should have been the
properties of solids and gases to describe an ideal incom-
pressible fluid (water). They confused incompressibility
(cf. ideal fluid) with nondeformability (cf. rigid body),
assumed the same level of fluidity for liquid and gas by
ignoring water cohesion, and conflated the different pres-
sure mechanisms for water and gas respectively. It is worth
noting that none of these findings has been systematically
reported in the previous literature.
When conducting force-motion and work-energy analy-

sis of fluid elements, our novice teachers could not seem to
grasp the meaning of interactions between matter and hence

faltered on the basic functions of choosing and isolating a
proper system. They often mistook an individual force for a
net force or mistook an individual work for a total work to
reason about pressure. What was striking here is that they
tended to draw on a subsequent event (a downstream flow)
as a sole determinant to conclude about a preceding event
(an upstream flow), bypassing the needed analysis of the
interactions between fluid elements.
As for Bernoulli’s equation, which by nature is a

description of an instantaneous state of an ideal fluid
system, our teachers mischaracterized it as a process and
imagined an asynchrony between the different quantities in
Bernoulli’s equation. What’s more, they misconstrued the
applicability of the principle by confusing a steady flowwith
a nonaccelerating system. As a result, they incorrectly stated
that Bernoulli’s equation could only apply to a system of
zero acceleration. These findings are particularly interesting
not only because they have not been documented in the
previous literature, but also because they speak directly to
our teachers’ ontological making of the most fundamental
principle in hydrodynamics. It is also interesting to see from
the study that the teachers oftenmisinterpreted the quantities
in Bernoulli’s equation and assigned them incorrect
meanings.
Besides the above findings, one unique aspect of our

study worth highlighting is the use of a sequential synthesis
problem. Previous studies of this topic have all relied on
employing multiple-choice questions or short-scenario
problems [56] to explore learner’s misconceptions.
Differing from this convention, the problem we designed
and administered in the present study contained a set of
phenomena or events depicting water undergoing different
conditions. By doing so, we obtained several interesting but
previously unreported findings. For instance, as mentioned
above, the sequenced, continuity feature of the sequential
problem allowed us to detect such a tendency that some
teachers based their reasoning of an upstream flow solely
on the conditions of a downstream flow, neglecting the
necessary analysis of a proper system altogether. This
pattern of reasoning would not have been uncovered had
we used a traditional short-scenario problem. Additionally,
the use of multiple representations for the sequenced events
helped to reveal otherwise hidden notions of our teachers
about Bernoulli’s equation. The added delay in the teach-
ers’ graphs of P in relation to 1

2
ρv2 is such an example.

Here, by triangulating the findings from the graphs and
interviews, we were able to infer deep ontological view-
points of our teachers about Bernoulli’s equation. The
graphical representation of the synthesis task further
afforded us with a continuous, global view of the ways
our teachers determined the three variables along the entire
tube. This cannot be achieved by simply piecing together
traditional questions that each only asks participants to
perform one pairwise comparison at a time. To a large
extent, it is similar to the Gestalt effect [57], or simply put, a
whole is always greater than, and hence different from, the
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sum of its constituent parts. Perhaps more importantly, the
continuous, global plot derived directly from the sequential
synthesis task can be useful for teaching Bernoulli’s equa-
tion. It allows learners to explore the relationships between
the three variables at any point along the tube, thereby
solidifying the idea that the sum of them is a constant along
the entire streamline at any time. This can be conducive to
establishing a correct view of Bernoulli’s equation as a
description of a state rather than a process.
Also important to note is that in this study we selected

novice physics teachers as our subjects of interest, an under-
researched group in this area. Because of their relatively
short time in service, they likely were still experiencing a
transition from university students to school teachers and
were perhaps grappling with different ways to teach effec-
tively. As seen from our interviews, when reasoning about
the properties and motions of an ideal fluid, these teachers
often drew on analogies to everyday objects and phenomena
to make sense, such as sand in an hourglass, earth moving
around the sun, and a water jet from a firehose. While
commendable, proper use of analogies is not an easy task. If
not carefully constructed, analogies not only will fail to
serve the purpose of a model but may also introduce or even
reinforce incorrect conceptions.As revealed in our study, the
analogies used by our teachers lacked the necessary rigor to
help draw useful inferences. Instead, they led our teachers to
a mismatch of ontologically different categories of solids,
liquids, and gases. To that end, it is critical that we help
novice teachers increase their awareness of careful use of
proper analogies in classroom teaching.
Finally, a few useful extensions from our current study

may be worth pointing out. First, the identified underlying
notions of our teachers about hydrodynamics in some sense
can be summarized into ontological views of matter,
interactions, and energy in ideal fluids. To that end, our
study implies that teaching and learning of hydrodynamics
requires deliberate attention on highlighting and substanti-
ating these fundamental ideas. Prior studies have shown that
engaging learners in peer discussion can be an effective
approach to teaching such fundamentals in physics [58–64].
However, successful implementation of peer discussion

requires research-based instructional materials that can
maximize students’ active participation. Without such
resources, peer discussion can hardly be effective. As part
of our on-going efforts to implement peer discussion and to
evaluate its effectiveness in teacher education [61,65–68],
our studies of learners’, particularly teachers’ conceptions of
physics topics are an important step forward.
In this current study, although we have captured a set of

key notions about hydrodynamics held by our novice
teachers, we have no definitive answer regarding the extent
to which our findings may be applied to all populations of
secondary physics teachers. That said, our findings still
hold significant merits, and the validity thereof still stands.
As illustrated above, the sequential synthesis problem we
used in the study contains sequenced events or phenomena,
each representing a scenario that requires application of the
same fundamental concepts but varies in surface features
and representation formats. To that end, one synthesis
problem, in effect, contains multiple “isomorphic” subpro-
blems [69,70]. By using these varying scenarios, we
effectively captured the teachers’ errors in applying
Bernoulli’s equation, some of which are being reported
for the first time. Additionally, the interviews we conducted
in the study solicited not only the participants’ thoughts on
the task but also other relevant ideas they encountered
elsewhere. This is exactly how we were able to capture
from the interviews the participants’ use of metaphors and
references to everyday experience, such as hourglass and
firehose. In other words, these findings are not idiosyn-
cratic, but rather they have a base in the participants’ prior
experiences. Further, it is important to note that our study is
not an experiment or a quasiexperiment, in which one can
rightly examine the relationships between participants’
demographics and their problem-solving performances in
the hopes of generalizing findings across all populations
[71]. Instead, this is an exploratory study aimed at using a
sequential synthesis task to detect teachers’ understandings
of fluid dynamics. We must be cautious in choosing proper
criteria to judge the merits of research findings. Regardless,
more investigations along this line of work are worth
pursuing.

APPENDIX: CORE CONCEPTS IN FLUID DYNAMICS AND
ANSWERS TO SEQUENTIAL SYNTHESIS PROBLEM

1. Below is a list of fluid dynamics concepts relevant to Bernoulli’s equation that are required of undergraduate physics
majors in China.

Streamline Streamlines are curves tangential to the velocity vectors of fluid elements at an instant of time.

Path line Path lines are trajectories of fluid elements over a period of time.
Steady flow A steady flow means a flow that is steady with respect to time. Thus, all conditions of the flow at any

point remain constant with respect to time.
Ideal fluid An ideal fluid is a fluid in which there is no friction. It is inviscid (zero viscosity).

(Table continued)
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(Continued)

Incompressible fluid Fluids that maintain a constant density. Liquids are relatively incompressible, so we can approximate
them as wholly incompressible.

Continuity equation S1v1 ¼ S2v2
S1 and S2: cross sections at locations 1 and 2, respectively
v1 and v2: speeds of a flow at locations 1 and 2, respectively
The continuity equation is applicable to any incompressible fluids, be they a steady or a
nonsteady flow.

Bernoulli’s equation Pþ ρghþ 1
2
ρv2 ¼ const

P: pressure (or more precisely static pressure)
ρ: density
h: height
v: speed
g: gravitational acceleration
Assumptions:
1. Zero viscosity (no friction)
2. Steady, streamline flow
3. Applicable to any points along a streamline in an incompressible fluid
4. No energy change in the fluid flow along the same streamline

Static pressure Static pressure P as denoted in Bernoulli’s equation is the pressure that an instrument
could measure if it were static with respect to the fluid, i.e., moving with the fluid.
Devices, such as piezometer tubes, can be used to measure static pressure.

Stagnation pressure Stagnation pressure, also known as total pressure, is the sum of static pressure (P)
and dynamic pressure (1

2
ρv2). It is the pressure at a point where the fluid

comes to rest.

2. Answers to the sequential synthesis problem.
Q1
See Fig. 6.

Q2
v and P remain constant along region I.
v increases and P decreases along region II.
v and P remain constant along region III.

v remains constant and P increases along region IV.
v and P remain constant along region V.

Q3
vD ¼ vE
PD ¼ PE ¼ P0

Q4
See Fig. 7.

FIG. 6. Streamlines of the water flow in different regions.
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