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INTRODUCTION

he increased demand for environmental and indus-

trial solutions and new technologies drives chemical

engineering education programs to update their curri-
cula to equip students with the required skills for present and
future challenges.!"*) Hence, laboratory courses play a vital
role in training and gearing graduating engineers to operate,
design, and optimize chemical plants and processes through
understanding and discovering related concepts experien-
tially by hands-on experiments with well-designed learning
outcomes. Laboratory courses also provide students with a
virtual sense of physical systems and help them develop the
feel for engineering processes.*!

According to Bloom’s taxonomy, laboratory courses ex-
hibit high-level learning outcomes that promote learning
through the skills of applying, analyzing, synthesizing,
and evaluating the obtained results.”'"! Although applica-
tion, analysis, and evaluation are typically well-practiced
in laboratory courses through well-designed experimental
schemes, the development and synthesis activities are usu-
ally less practiced. Therefore, the Engineering Accredita-
tion Commission (EAC) of the Accreditation Board for
Engineering and Technology (ABET) prescribed a Student
Outcome (SO) that ensures different levels, ranging from
the student’s ability to develop experiments all the way to
using engineering judgment to draw conclusions. This stu-
dent outcome is involved in SO6, which is “an ability to
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develop and conduct appropriate experimentation, analyze
and interpret data, and use engineering judgment to draw
conclusions.”" Although developing and conducting ex-
periments influence the Course Learning Outcomes (CLOs),
they do not promote the students’ creative thinking towards
innovative solutions for engineering problems and do not
help mitigate educational fallacies."*'! Hence, embedding
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the inquiry-guided learning (IGL) approach can foster the
learning outcomes of laboratory courses. The IGL indicates
a learning process that is motivated by inquiry, including
the problem-based learning approach (PBL).'™ IGL can be
facilitated with Computer-Aided Learning Package (CALP)
to sharpen the students’ creative and critical thinking, and
correct logical misconceptions by exploring and practicing
a virtual environment that reflects the deep understanding of
the theoretical principles.!'8!

The need to revisit the lab materials and add more technol-
ogy-oriented tools has been highlighted in the COVID-19
pandemic due to different challenges encountered. This also
promoted learning opportunities by ensuring inclusive and
equitable quality education.!®-21

Therefore, this paper aims to provide CALP as an IGL
tool to revisit a cooling tower experiment offered for 43 stu-
dents enrolled in the Unit Operations Laboratory course, a
part of the undergraduate program in Chemical Engineering
at Qatar University. This lab course includes hands-on and
computerized experiments in mass transfer phenomena and
separation processes, including humidification processes.
Involved experiments for the lab include those for a cooling
tower and tray dryer, gas absorption, molecular diffusion in
gases, batch and fractional distillation, and fixed and fluid-
ized bed.

Students revisited the cooling tower experiment using the
CALP/IGL approach. The cooling tower is an evaporative
heat exchanger that dissipates heat from hot liquid water
utilizing sensible and latent heat transfer to the evaporat-
ing steam.”?'??1 Cooling towers are widely used in industries
such as desalination, power plants, etc. The cooling tower
experiment has been assigned in chemical engineering cur-
ricula, in which students investigate the effects of various
parameters (e.g., inlet water temperature, inlet air psychro-
metric properties, and flowrates of water and air) on the per-
formance of the cooling tower.

THEORY

The performance of the cooling tower is evaluated using
different parameters as established by Merkel and devel-
oped by Nottage,?>?¥ including the water temperature range
(cooling range), water temperature approach (to the dew
point), effectiveness, rate of evaporation, the ratio of water
flowrate to air flowrate, number and height of the theoretical
transfer units, and the overall mass transfer coefficient.?*2
The water temperature range (R) is defined as the difference
between the inlet and outlet water temperatures as shown
in Eq. (1), while the water temperature approach (A) is de-
fined as the difference between the outlet water temperature
and the wet-bulb temperature of the inlet air as shown in
Eq. (2).22:2.26 The wet-bulb temperature of the inlet air rep-
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resents the temperature at which air can theoretically reach a
relative humidity of 100% with the same absolute humidity
content. It also describes the lowest possible temperature to
which the water can be cooled. The wet-bulb temperature
of the air is used along with the dry-bulb temperature to de-
termine psychrometric properties of air (such as humidity,
enthalpy, and specific volume).?"

R=T;-T, (1)

A=T, — Tway (2

where 7; is the temperature of the inlet water, 7, is the tem-
perature of the outlet water, and 7, is the wet-bulb tem-

perature of the inlet air.

The cooling tower effectiveness (1)) is defined as the ra-
tio of the actual cooling to the maximum possible cooling,
which is also equal to the ratio of the water temperature
range to the summation of water temperature range and wa-
ter temperature approach, as shown in Eq. (3).12223

n—L (3)

T R+4

The evaporation rate (1) is calculated from the differ-
ence of air moisture flow rates at the two ends of the cooling
tower, as shown in Eq. (4) 222

g = mg (X, — X;) )

where M, is the mass flow rate of the dry air through the
cooling tower and X, and X; are the absolute humidity values
of the outlet and inlet air streams (per unit mass of dry air),
respectively.

An energy balance equation on the cooling tower is given
by Eq. (5) 2223

LCp(T, —T;) = G (H, — H;) ®)

where L and G are the water and dry air mass fluxes, respec-
tively, C, is the specific heat of water (kJ/kg °C), and H, and
H; are the enthalpies of the outlet and inlet air, respectively
(kJ/kg dry air). Accordingly, the ratio of water to air (LC,/G)
is obtained from the slope of the operating line of the cool-
ing tower on an enthalpy-temperature diagram, also known
as the driving force diagram,?®! and is equal to the ratio of
the enthalpy difference between inlet and outlet air streams
to the sensible heat differences between the inlet and outlet
water, according to the following heat balance, Eq. (6):22%

LCp _ Ho=H; ©
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The cooling tower packing is essential to enhance the
mass transfer at the air-water interface; the corresponding
mass transfer coefficient is significantly affected by the type
of packing and is correlated to air and water flow rates. To
determine the required height of packing for the cooling
tower (Z ), the computation of both the height and number
of transfer units is a must. The height of transfer units (HTU)
depends on the flowing air properties and packing type,
whereas the number of transfer units (NTU) is the integra-
tion of the enthalpy potential as the driving force between
the input and output air, as shown in the following Merkel
equations.!

z = (HTU)(NTU) (7N

HTU = MBKLG(IP (8a)

NTU = f b _dhy (8b)
Hy; Hy —H,

where My, is the molar mass of dry air, a is the packing den-
sity, K, is the mass transfer coefficient, P is the ambient air
pressure, H* is the enthalpy of moist air at the bulk water
temperature, and Hy, and Hy, are the enthalpies of moist air
entering and leaving the cooling tower, respectively. It is
noteworthy that NTU indicates the difficulty of the cooling
process, while HTU indicates the system’s effectiveness in
the cooling process.

The higher performance of the cooling tower is indicat-
ed by higher values of the range and effectiveness, lower
values of the approach to wet bulb temperature, and the
number of transfer units.

METHODOLOGY

The CALP/IGL approach was applied in the cooling
tower experiment in the Spring 2021 semester for 43
students enrolled in four sections of the Unit Operations
Laboratory course, a part of the undergraduate program in
Chemical Engineering at Qatar University. The approach
was applied in two stages. In the first stage, the students
experimented on a physical cooling tower experiment.
This stage aims to fulfill the experiential CLOs, including
elements of safely, effectively conducting experiments in
a group setting, and analyzing the experimental results.
The second stage includes using MATLAB® as a comput-
er-aided learning package to compute the required height
of the cooling tower using the data (such as overall mass
transfer coefficient, water, and air conditions) obtained
from the physical experiment conducted in the first stage.
The following is an account of these two stages.
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First Stage: Hands-on Experiment With a Physical
Cooling Tower

A computer-controlled benchtop cooling tower (EDI-
BON® TTEC/TTEB, Spain) was used to offer the students
the opportunity to experiment with a lab-scale modern cool-
ing system’s construction, design, and operative characteris-
tics.”! The packing has a height of 0.48 m in an eight-level
zigzag shape, a column cross-sectional area of 0.0225 m?,
and an average packing surface area density of 112.6 m*m°.

The physical unit is an open system through which water
and air are allowed to flow counter-currently, as shown in
Figure 1. The system consists of a water cycle, air cycle,
and packing material. In the water cycle, the flow rate of
hot water is controlled manually via a valve, where water
is pumped from the load tank and sprayed at the top of the
cooling tower. The air cycle is driven by a fan that with-
draws air from the atmosphere. The airflow rate is controlled
by adjusting the fan speed from the computer-control user
interphase.

The unit is equipped with seven temperature sensors to
measure the water temperature in the tank, water tempera-
ture before entering the tower, water temperature after ex-
iting the tower, and the wet and dry bulb temperatures of
the inlet and exit air streams. The inlet water temperature
is adjusted from the computer-control user interphase, and
the output results (including water temperature, wet and dry
bulb temperatures of air, and air and water flow rates) are
recorded and displayed on the computer.
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Figure 1. Setup of cooling tower experiment.
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Second Stage: Computer-Aided Learning 2 Ul rigure —
Pac kage Water Cooling Tower Design Design Diagram
A MATLAB application developed by John Specified Input Galculated Output
Simpson™® was used as a computer-aided learn- Inlet Air Dry Bulb Temperature, F | 79.0 Height of Cooling Tower, ft [ og]
ing package to compute the required height of the Inlet Alr Wet Bulb Temperature, F 676]  Minimum Reqd Air Flow, Ib dryaivhsqft | 159
COOhng tower using the data Obtalned from the Inlet Water Temperature, F | 1189 Actual Air Flow/Minimum Air Flow l 3.58l
ConduCted experlment, SuCh as overall mass trans- Outlet Water Temperature, F [ 93.2 Percent Inlet Water Evaporated, % I 2.0-
fer CapaCIty COCfﬁClent and water and air stream Water Flow Rate, Ib/h sq ft 520! Enthalpy Integral Value | 0.597
COHdlthHS. The MATLAB apphcatlon was veri- Air Flow Rate, Ib dry air/h sq ft E Water Temperature Range, F | 25.7»
ﬁed by te.Stlng lt Wlth prOblem 105_2 on p 605 Overall Kga, Ib mol/h cu ft atm 15.24| Water Temperature Approach to Dew Point, F @
of the third edition of Transport Processes and R [ eta|
Unit Operations *"! and it gave the exact answers = = _
. K . . Tower Position | Dry Bulb, F Wet Bulb, F RH, % Humidity, Ib water/Ib dry air | Enthalpy, Btu/lb dry air ‘
given in the book. In addition, three experimen- i e e e 5l 2430
tal trials were conducted with different inlet wa- Oitic] 218 240D 95.30 0.03 47.80
ter temperatures, and the calculated results were ‘
comparible with those calculated by MATLAB
. . .. . . f Run ’ Status Calculations complete. Click Design Diagram tab to view design diagram. I
with accepted slight deviations. Before assigning i
the MATLAB application to students, an online Warnings | I
tutorial was delivered to students to demonstrate
the user interface and test some hypothetical ex-
perimental scenarios to foster their critical think- — _ b
L . . . . . 4\ Ul Figure m]
ing and understanding while discussing the assign- | Waier Gooing Tower Dasign | Design Disgram
ment results.
. . . Water-Cooling Tower Design
The MATLAB application user interface re- i
1 1 3 . g 3 Sat'd Air Enthal
quires the following inputs: inlet air dry bulb tem- = O;g,a“';g TPy ‘
perature, inlet air wet bulb temperature, inlet water GIRIO0]-| - = - — Minimum V Operating Line
temperature, outlet water temperature, water flow g 5
. o
rate, airflow rate, and the overall mass transfer ca- w
. . . . =2
pacity coefficient. The MATLAB application com- SR
putes the cooling tower performance indicators, o
. . o
including the water temperature range (R), water 3
temperature approach (A), the height of the cool- S
ing tower, the minimum required airflow (G,,,), % =
percentage of evaporated water, and the number 2
. . o
of transfer units (enthalpy integral value) (NTU). 2%
. . . . [
The application also computes the characteristic 0l
enthalpy-temperature design diagram with equi- ] , , , ; , ! | | |
librium line, actual operating line (with the slope JONN 2RO R O MO 00 SEN0S R O 1S 2
Water or Air Temperature, F

of LC,/G), and the limiting operating line, also
known as the critical operating line (with the slope
LC/G,,). Here, the water flow rate is assumed to
be constant since evaporation is slight. Also, the
effect of sensible heat transfer can be ignored com-
pared to latent heat transfer.?! Figure 2 shows the
user interface of the MATLAB application, with the speci-
fied input and calculated output of the design (Figure 2a) and

the enthalpy-temperature design diagram (Figure 2b).8-321

The inputs were obtained from the experimental data
of the same group experiment. However, the overall mass
transfer capacity coefficient was obtained experimentally
using Eqs. 7-8. First, the enthalpy driving force was inte-
grated numerically to calculate the number of transfer units
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Figure 2. The user interface of the MATLAB application showing
(a) the specified input and calculated output of the design and

(b) the enthalpy-temperature design diagram.

(NTU) in the cooling tower according to Eq. (8b). Since the
packing height was given, it was used along with the NTU
to find the height of transfer units (H7TU) according to Eq.
(7). Because the units in the first stage (the physical experi-
ment) were in the SI system while the required inputs for the
second stage were in English engineering (imperial) units,
students were requested to convert units before inputting
their values into the application.
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It is noteworthy that the

second phase can be run — — — —
. . Mapping of AT1 AT2 AT3 AT6
independently  without Assessment ‘ | “ | | | | |
Tools (ATs) | | MATLAB input Analysis of Interpretation
any raw or CalCUIated data tﬁn(éio:)) data MATLAB outputs and discussion
from the first stage. How- wStage2” | = L
ever, the raw and calculat- 1 | |
ed values obtained from B i
. FY— | co1 | co2 | co3 | coa
Stage 1 were used as lnput Course An ability to identify, An ability to use
5 _ Learning formulate, and solve An ability to utilize 2 -
to the MATLAB apphca Outcomes complex engineering technical literature to apsporlszggze;;:\g:;zw ;Zgz!'gn:iip;z;
tion fOr two reasons. The (CLOS Lo pro_blems by a;_wulyir?g “b‘“'f‘ the requ“?d interpret experimental reports
(SOs) principles of engineering, physical properties It
first reason is to provide L science, and mathematics IR
students with the skill of | 1
comparing between ex- I Sl , «
. Mappil T
perimental results (Stage Viabpme of AL A2 (AT3 ATA ATS AT6
. I . i ducti d
1) and simulated results I[z‘:lé}(_‘g:)) ‘ c;iﬂ::tieon ‘ Analysis of data ;:tde;?srce:zi?; Intmtﬁecsgn an ‘ Excel Worksheet Full Lab Report
(Stage 2), which drives In Stage 1
them to check and explain EI
the relative difference
between the two stages,
and guides them to pos-
sible miscalculations of - S— E—
the parameters with high e o1 a0z ~cos o4
. . Learning An ability to identify, i
relatlve dlffeI‘CHCCS be_ Outcomes ) formulate, and solve An ability to utilize An a.b'thw t;an:se ¥ P —
tWeen the tWO a roaCh- (CLOs) complex engineering technical literature to apprloprla ei.o afed o f .tv hp hp. |
pp problems by applying obtain the required 3 AN LM |or.\s 5 | RERIEEEnpL fctni
1 inciples of engineering, physical properties interpret expesimental Teports
es. The second reason is prinigles of enginering, results
to provide students with - : T
. . | H
hands-on practice on unit i 1==1 i |
. H i s [ S 1
conversion. — ek j o y rEca ca
Mapping of J
Examincd An ability to explain the An ability to use
Criteria An ability to fulfil the i "
. B : - trends of charts and An ability to interpret of references to support the
MethOd Eva I uatlon (gZLC:))s;‘i’n ::3‘12:;?;?';;2:’;‘;? correlate all experiment results correctly, precisely arguments professionally
3 outputs with theoretical and logically (while discussing the
and Assessment e expefimentioutputs principles theoretical principles)

Tools =

[b]

The attainment of learn-
ing outcomes of the first

stage (hands-on experi-
menting with the physi-
cal cooling tower ex-
periment) was evaluated
based on the discussion
of results in the submitted individual report. Several fac-
tors were considered to ensure higher learning performance,
such as boosting intellectual capacity, hands-on practice,
and evaluating the outputs from several perspectives.

The discussion of results was evaluated based on four cri-
teria indicated according to a developed checklist of detailed
grading rubrics that was pre-announced to students.’* These
examined criteria (ECs) were: (1) fulfilling the experimental
objectives and covering all preliminary experiment outputs;
(2) explaining the trends of charts and correlating all experi-
ment outputs with theoretical principles; (3) correct, precise
and logical interpretation of results; and (4) using references
to support the arguments professionally (while discussing
the theoretical principles). The same criteria were also used
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Figure 3. The holistic mapping of (a) assessment tools (ATs) in Stage 1 and 2 to course
learning outcomes (CLOs), and (b) examined criteria (ECs) in Stage 2 to course learning

outcomes (CLOs).

to assess the discussion section of the report to evaluate the
attainment of learning outcomes in the second stage of the
experiment (utilizing a computer-aided learning package).
The holistic mapping of course learning outcomes (CLOs)
to the assessment tools (ATs) in stages 1 and 2, and to the
examined criteria (ECs) in Stage 2, are shown in Figures 3a
and 3b, respectively.

It is noteworthy that the majority of the lab report is com-
pleted as a team where students contribute to the abstract,
introduction, experimental setup and procedure, raw data,
sample calculations, data analysis, conclusion, and refer-
ences. However, the discussion section is completed as an
individual assignment in order to investigate each student’s
weak points regarding critical thinking and writing skills.

Chemical Engineering Education



The discussion section of each student was evaluated based
on the four examined criteria (ECs), and each criterion
weighed 2 points (total 8 points), and 2 points were given
for students’ efforts in writing the discussion. Therefore, if
the student accomplishes all ECs and discusses them suf-
ficiently, then the student gets 10 points. The student loses
two points for every unaccomplished EC or for insufficient
discussions.

The results are presented at a confidence interval estimate
(CD of 95% (a.=0.05,z = 1.97). The details of the statistical
calculations are presented elsewhere.”!

DIVERSITY, EQUITY, AND INCLUSION
(DEI) LEARNING ENVIRONMENT

A diverse, equitable, and inclusive (DEI) learning envi-
ronment for students was ensured by creating a supportive
spirit to encourage mutual respect, equal treatment, and fair
assessment of students from various backgrounds and in-
dividual differences. This enabled everyone to feel valued
and productive. DEI fosters successful learning experiences
by encouraging students from various religious, ethnic, and
cultural backgrounds to work together in a teamwork set-
ting. People from diverse backgrounds working together
during the lab or the different stages of report progressing
encouraged mutual respect and, in a way, fostered successful
learning experiences. Furthermore, using individual differ-
ences, equity was ensured as every student received equal
treatment and fair assessment using various tools, including
office hours, one-to-one support, and other different tools to
assess the learning outcomes, such as detailed rubrics and
constructive feedback on students’ work.

RESULTS AND DISCUSSION

Evaluation of the MATLAB Application Outputs

The MATLAB application® computed the required
height of the cooling tower using input data that were ob-
tained from the conducted physical experiment. Such data
include the overall mass transfer coefficient, and water and
air stream conditions. Table 1 lists the experimental and
MATLAB input and output parameters. It is noteworthy that
there are slight deviations between the input parameters of
the experiment and MATLAB due to the limitation of some
fields regarding the allowed significant figures in MATLAB.
As indicated in Table 1, the data computed by the MATLAB
application are close to those produced during the physi-
cal experiment, including the range, approach, evaporation
loss, and height of the transfer unit. However, the number
of transfer units, column height, and the minimum required
air flowrate (G,,,) estimated by the application are less than

min.
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those obtained in the physical experiment. The MATLAB
application computed the minimum required airflow as 159
Ib dry air/h ft?>, which is less than one-third of the actual
value in the physical experiment where G,,,, is determined
experimentally as 259 1b dry air/h ft* (less than half of the
actual value of 570 Ib dry air/h ft?).

The value of G,,;, was determined experimentally by ex-
tending a line from the point representing the temperature
and enthalpy at the bottom of the column (inlet air and exit
water) on the enthalpy-temperature design diagram to make
a tangent with the saturation (equilibrium) curve. The slope
of that line (known as the critical operating line) is LC,/G,,;,,
which represents the minimum possible driving force at the
top end of the cooling tower at which the packing has an
infinite height to achieve the desired cooling. However, the
actual packing height can be determined by increasing the
airflow rate above G,,,. In the MATLAB application, G,,,, is
computed using a built-in iterative numerical technique to
decrease the airflow rate (G) while the water flow rate (L) is
fixed. This increases the slope of the operating line until it
becomes tangential to the saturation curve, as shown by the
dashed line in Figure 2b. The tangent or intersection point
of the critical operating line with the saturation curve de-
termines G,,;,. The value of G, estimated in the MATLAB
application is less than the experimental value due to a lower
value of NTU, which can be attributed to differences in the
regression parameters of the operation line and saturation
curve between MATLAB and experimental calculation. The
HTU is almost identical in both the MATLAB application
and physical experiment, representing the system’s effec-
tiveness in the cooling process. However, having a lower
NTU value in the MATLAB application indicates less dif-
ficulty in the cooling process, resulting in estimating less
required packing height.

Evaluation of the Learning Outcomes of
Implementing CALP/IGL

The attainment of learning outcomes of implementing
the Computer-Aided Learning Package (CALP) as Inquiry-
guided Learning (IGL) tool in the cooling tower experiment
was evaluated according to a developed checklist of detailed
rubrics that was pre-announced to students® in the four lab
sections enrolled in the unit operations laboratory course in
Spring 2021 as shown in Figure 4(a). The overall students’
performance in the first stage was 7.12+0.59 (out of 10),
which escalated significantly in the second stage by 32.58%
to reach 9.44+0.18. There are variations between the differ-
ent sections in the first stage, where section 2 showed the
worst performance of 5.89+0.35, while section 1 showed
the best performance, 7.83+0.94. Four weaknesses were re-
corded in the students’ discussions in Stage 1: (1) some cor-
relations and trends were not interpreted correctly, (2) some
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Comparison Between Experimental and MATLAB Parameters.

TABLE 1

(a) Input Parameters (from experimental data)

Inlet Water Temperature (°F) | =118.9
Outlet Water Temperature (°F) | =93.2
Water Flow Rate (Ib/ft>-hr) | =520
Air Flow Rate (Ib/ft?- hr) [ =570
Inlet Air Wet Bulb Temperature (°F) [ =67.6
Inlet Air Dry Bulb Temperature (°F) | =79.0
Overall Kha, (Ib-mol/h ft* atm) | =15.25

(b) Output parameters

Parameter MATLAB Data Experimental Data | Relative Difference
Min Air Flow Rate (Ib/ft? hr) 159 260 38.82%
Range (°F) 25.70 25.74 0.16%
Approach to Dew Point (°F) 25.60 25.56 0.16%
Outlet Air Wet Bulb Temperature (°F) 89.80 99.32 9.59%
Outlet Air Dry Bulb Temperature (°F) 91.00 106.70 14.71%
Outlet humidity ratio(Ib water/lb day) 0.03 0.03 0.00%
Outlet air enthalpy (Btu/lb) 47.80 55.50 13.87%
% of evaporation 2.00 2.19 8.68%
NTU 0.60 1.07 44 .35%
HTU (ft) 1.34 1.29 3.93%
Height of Cooling tower (ft) 0.80 147 45.51%
L- Cp/G (Btu/lb - °F) 091 0.92 0.61%

results and correlations were not explained according to the
theoretical principles, (3) the discussion sometimes had mis-
conception mistakes, and (4) references were sometimes not
used or misused to support the discussion.

It is worth mentioning that revisiting the experiment using
the CALP/IGL approach in the second stage was conducted
six weeks after the first stage. During this period, students
were engaged in other experiments, which also helped im-
prove their attainment of some learning outcomes in the
examined criteria EC1 (that measures the student ability to
fulfill the experimental objectives and cover all preliminary
experiment outputs) and EC4 (that measures the students’
ability to use references to support the arguments profes-
sionally).”! Nonetheless, the CALP/IGL impacted the other
two criteria, EC2 (that measures the students’ ability to ex-
plain the trends of charts and relate experimental observa-
tions with theoretical principles) and EC4 (that measures the
students’ ability to interpret results correctly, precisely, and
logically). Hence, using CALP as an IGL tool to revisit a
cooling tower experiment helped relieve weaknesses in the
students’ discussion and comprehension of results, including
explaining the chart trends according to the theoretical prin-
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ciples and honing the students’ knowledge and understand-
ing, which resulted in avoiding conceptual mistakes.

By using the IGL approach to revisit a lab experiment,
the attainment of learning outcomes of the teaching labs
has improved significantly in all lab sections, with an aver-
age student score of at least 9 (out of 10) for all sections
in the second stage of the experiment, as shown in Figure
4(a). The students’ performance improved from Stage 1
to Stage 2 of every lab in this experiment, ranging from a
26.44% improvement for the best-performing lab section
to a 51.10% improvement for the worst-performing lab
section. This improvement reflects that the CALP/IGL ap-
proach is a constructive activity in boosting the attainment
of learning outcomes, especially for less achieving stu-
dents. The CALP/IGL approach triggers students’ creative
and critical thinking to use this problem-based learning ap-
proach to compare the results obtained from the MATLAB
application to those obtained from the physical experiment,
which in turn hones their more profound understanding of
the theoretical principles." The improvement is significant
for lower achieving students because they usually have diffi-
culties in calculations and performing logical correlations to
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interpret chart trends and discuss outputs according to theo-
retical principles. Making mistakes in calculations results in
higher relative errors, guiding students to think thoroughly
and critically to find potential mistakes in their calculations.
On the contrary, this type of mistake is rare among more
achieving students. This improvement is shown in Figure
4(b), where the examined criteria EC3 (that measures the
students’ ability to interpret results correctly, precisely, and
logically) improved significantly from 61+0.88% to 92+4%.

Furthermore, revisiting the experiment using the CALP/
IGL approach helped improve the aforementioned weak-
nesses in the discussion, including explaining the chart
trends according to the theoretical principles and honing
students’ knowledge and understanding, which results in
avoiding conceptual mistakes. This is because applying
wrong correlations and interpreting them might result in a
wrong/misconceptual interpretation that could seem logical
to a student, who ends up retaining these misconceptions, a

phenomenon is known as “Logi-

34.14 %

27.09 % 4

=
o

9.39£0.25

26.44 % 51.10 %
9.9£0.08
8.9+0.52

7.83£0.94

7.42%0.9
7 +1.62
5.89+0.35

9.43+0.23

cal Fallacies.”!'*-3 Hence, revis-
iting the experiment by embed-
ding the CALP/IGL approach
alerts students to mistakes in
their calculations or interpreta-
tions, leading to correcting any

conceptual mistakes. This struc-
ture of return to a problem also
helps foster a more consistent
high-level performance among

32.58 % Improvement

9.90.08

7.83+0.94

most students, which is indicated
by the drop of the estimated de-
viation in the overall score from

Performance (out of 10)
o - N w H w (4] ~N [+ o

Fulfilling the

and covering all
preliminary experiment with theoretical

outputs principles

El Examined Criteria

Explaining the trends of Correct, precise and
experimental objectives charts and correlating logical interpretation of support the arguments
all experiment outputs results

Section 1 Section 2 Section 3 Section 4 Overall +0.38 in the first stage to +0.12 in
(etu;gns\) ‘\/\studgent;) <§tu;gnt;:; ‘/stujtgnr;‘/ (‘\\stl.uf;ntsjJ the Second Stage‘ It iS nOteWOrthy
E . that feedback on students’ work
M First Stage Second Stage . .

in Stage 1 helped some improve,
especially with criterion (4) of
using references to support the
W Stage 1 Stage 2 arguments professionally (while
100.00% discussing the theoretical princi-
ples). However, other criteria (1,
FEA 2, and 3) of fulfilling the experi-
80.00% mental objectives, explaining the
70.00% trends of charts, correlating all
60.00% experiment outputs with theoret-
50.00% ical. prin.ciples, an.d precise and
logical interpretation of results

40.00% .
were boosted by this approach
A0004 in Stage 2. Notably, in Stage 1,
20.00% the student listed the raw and
10.00% calculated results without any
0.00% explanation, discussion, or us-
EC1 EC2 EC3 EC4 ing references. Nevertheless,

Using references to the student skills have improved

in Stage 2 regarding explaining
trends, discussing results, and
using references to support the
arguments. This improvement
is clearly shown in Figure 4(b),

professionally

Figure 4. Evaluation of students’ performances in the first and second stages: (a) data
separated according to sections, (b) data separated according to the examined criteria

(ECs).
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where the examined criteria EC2
(that measures the students’ abil-
ity to explain the trends of charts
and correlate all experiment
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outputs with theoretical principles) improved considerably
from 57+0.85% to 81+6%.

CONCLUSION

Revisiting the experiment using the CALP/IGL approach
boosted the attainment of learning outcomes of the cool-
ing tower experiment. It helped relieve weaknesses in the
students’ discussion and comprehension of results, includ-
ing explaining the chart trends according to the theoretical
principles and honing the students’ knowledge and under-
standing, which resulted in avoiding conceptual mistakes. It
also helped students with weak performance to have a better
achievement of the corresponding learning outcomes. As a
result, it helped reduce the academic gap among students
with different learning styles and capabilities. Therefore,
revisiting the experiment using the CALP/IGL approach is
highly recommended in teaching laboratory courses to pro-
mote the students’ creative thinking towards comprehensive
and innovative solutions for engineering problems.
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