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Abstract. The current paper demonstrates how to introduce a combination of CFD (Computational Fluid 
Dynamics) and virtual instrumentation to undergraduates in a research setting in the framework of a fluid 
mechanics course. A laboratory research project has been developed to enable students to compare and analyze 
pressure and velocity measurements obtained experimentally in a “Venturi tube” setup to those generated using 
a commercial CFD software package. An old but proven laboratory setup has been retrofitted with computer 
data acquisition system and custom written software has been developed to suit the experimental module. 
Pressure measurements received along the tube for five Reynolds numbers are directly compared with 
corresponding predictions using CFD code and all are contrasted with the 1-d inviscid flow solution. It is shown 
that, although undergraduate students may have limited knowledge in the underlying theories and equations 
used by CFD codes to solve flow problems, they are capable of using the code in solving classical and more 
complex problems with supervision by a faculty member. The developed project provides a cost-effective means 
for laboratory improvement in addition to educational benefits derived by the students since they have the 
opportunity to explore first-hand the various capabilities of CFD as an analysis tool and additionally to 
familiarize using modern measurements techniques such as pressure and temperature transmitters, experimental 
data acquisition and processing.   
 
 
1 INTRODUCTION 

As education and technology merge, the opportunities for teaching and learning expand even more. Many 
academic courses that teach engineering subjects have already incorporated computer-based educational tools 
for student use, either in the lectures or in the laboratory practices or both [1,2,3]. The development of a new 
laboratory or the upgrade of an old laboratory with computers using software for the analysis and solution of 
engineering problems along with modern electronic instrumentation and data acquisition is prevented with the 
very limited funding available. This has promoted laboratory obsolescence as faculty interest and support for 
providing on-going development of new laboratories or upgrading old laboratories and supportive skills have 
declined. Yet, the changing requirements of the job market for graduating engineers and engineering educators 
imposes the acquirement of skills that can only be learned in a laboratory setting where computational tools, 
modern instrumentation and computers interface in performing analysis of engineering problems, data 
acquisition, processing, and presentation. In general, engineering faculties have a problem, as many faculty 
members do not possess the modern skills required to support such laboratory teaching and development [4]. 
The process of overcoming these constraints can only be done either with faculty development and curriculum 
revisions or with cooperation of similar workshops in institutional or inter-institutional level. In the last case, 
faculty expertise, specialized post-graduate students, hardware and software can be joined in servicing a 
common target. 

The Laboratory of Fluid Mechanics and Turbomachinery (fmtulab) in the Department of Mechanical 
Engineering Educators at the School of Pedagogical and Technological Education (ASPETE) in the frame of its 
educational activities, has the following objectives: (1) to give the students an opportunity to apply fundamental 
concepts related to fluid mechanics and turbomachines, (2) to familiarize the students with measurement 
techniques using instruments that are encountered in industry and research, (3) to give the students experience in 
computer data acquisition, analysis, control, and presentation, (4) to familiarize the students with Computational 
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Fluid Dynamics (CFD) with the use of  CFD codes, under a close guidance from a faculty member and/or a 
postgraduate student, (5) to expand the students’ computer application skills through use of word processing, 
spreadsheets, and graphics, (6) to develop the students’ oral and written communication skills through oral 
presentations and technical report writing, and (7) to develop students team coordination skills.  

The development of the fmtulab has been achieved by purchasing of new equipment and mainly by in-site 
design and construction of apparatus and facilities, and the retrofit of old but proven laboratory systems. The 
imposed constraints of the under funding and the absence of adequate number of permanent educational and 
technical staff overcame with the establishment of collaborations with other laboratory units in Universities and 
Technological Educational Institutes. Although the initiatives of the collaborations were driven by common 
research interests of faculty members they have been expanded in education through the common contribution in 
the completion of under graduate student theses and even in supporting post graduate students in master or 
doctoral degree.  The close collaboration between affiliated laboratories ensures the cost effective distribution 
and use of human and material resources. 

A recent revision of the mechanical engineering educators’ curriculum in ASPETE enabled the introduction 
of the CFD fundamentals in the Fluid Mechanics II course that is taught during the winter semester in the 1-year 
degree programme of special studies following the 4-year degree programme. Moreover, the corresponding 
laboratory contents of the course have been revised to access virtual instrumentation which is composed of a 
data acquisition card (DAQ), sensor(s) and control software. A more detailed description of the course contents 
and objectives may be found in the fmtulab website [5]. The background of the above revisions is the 
recognition of the importance of CFD and virtual instruments as essential tools in the analysis and solution of 
fluid dynamics problems which nowadays are not limited only to graduate students [6,78,9,10,11]. The 
advancement in computational power along with the user friendly graphical user interface of CFD computer 
programs and packages enables undergraduate engineering students to perform CFD analysis of flow behavior 
providing better understanding of fluid flow phenomenon. The goal is to provide our graduate students with a 
basic understanding of the underlying concepts, capabilities, as well as limitations of CFD which are not 
understandable due to the “colorful” results that often mislead students into trusting all of the results (correct or 
erroneous) that the computer generates. This can be reinforced when the CFD results are validated with 
experimental data especially when they are taken from the same students. 

Having regard to the involvement of students in meaningful research projects where in depth understanding 
of the topic and valuable research experience are addressed along with the modernization of laboratory 
exercises, a three month laboratory project by a student has been designed and developed in fmtulab. The 
primary objective of the project is to integrate a simple experiment that it has been developed during a graduate 
thesis [12] in a sample CFD – Experiment combination that can be used throughout the laboratory curriculum. 
The backbone of the strategy is to use of Fluent [13] for the flow analysis and LabView[14 for the 
experiment control and data acquisition. 

 

2 DESCRIPTION AND OBJECTIVES OF THE PROJECT 

The single student research project was designed and conducted in fmtulab, aiming to the modernization of 
an old airflow apparatus that serves the training of students in three laboratory sessions in Fluid Mechanics II 
course, in order to meet the revised laboratory curriculum and mainly to enable students to compare and analyze 
pressure and velocity measurements obtained in a classical “Venturi tube” setup to those generated using a 
commercial CFD software package. The project consists of two main parts: a) the experimental work where the 
vision experiment is developed and the measurements are conducted and b) the computational part where the 
flow in the Venturi tube is analyzed and the numerical results are compared with the corresponding experimental 
results.  The completion of the first part that handles the retrofit of the old laboratory setup with computer data 
acquisition system and custom written software is developed to suit the experimental module, requires the 
exclusive engagement of the undergraduate student with supervision by a faculty member. Since the 
undergraduate student has limited knowledge in the underlying theories and equations used by CFD codes, the 
close support of a postgraduate student having experience with the application of commercial CFD codes, 
beyond the supervision of the faculty member, was a strict prerequisite for the accomplishment of the second 
part of the project. The latter justifies the involvement of the cooperative Fluid Mechanics Laboratory and 
Applications in University of Patras. 

Prior to assigning the project, the student who is the primary author of the current work asked to review the 
following topics: a) Conservation of mass, b) Bernoulli equation, c) Programming in LabVIEW, d) Navier-
Stokes equations and e) Introductory concepts in CFD.  The first three concepts are used for the experimental 
part of the project and the last two for the computational part.    

The pilot research project provides the opportunity to explore the ability of undergraduate students to involve 
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and carry out research work with the supervision by faculty members and even support through inter-
institutional collaborations. Through the project, multiple objectives are addressed: (a) students are introduced to 
fundamental concepts of fluid mechanics, (b) they contribute in setting up the measurement chain and in the 
development of custom made software to suit an experiment, (c) they use CFD as a flow prediction and analysis 
tool, (d) they generate meshes in a computational domain and (e) they take care of the accuracy of numerical 
solutions along with experimental measurements.  
 

3 EXPERIMENTAL APPARATUS AND MEASUREMENTS 

The Venturi tube setup is a small desktop laboratory apparatus used for educational purposes. The upstream 
sections of the apparatus where the flow is produced and developed consists of a variable speed axial flow fan 
with fixed pitch outlet guide vanes and a cylindrical duct (D=298mm) followed by contraction with outlet 
diameter 100mm. At the end of the contraction either a classical Venturi tube or a second contraction in tandem 
arrangement can be easily adapted. A linear regulator allows the air velocity through the Venturi tube to be 
increased up to 42 m/s in the throat by varying the fan rpm. The Venturi tube setup is used in teaching the 
principles of Bernoulli equation while the students measure the wall static pressure through eight pressure taps 
along the tube and compare the results with those derived when they apply the 1-d inviscid flow analysis. A 
multitube manometer was used for the reading of the pressure measurements and the reference dynamic pressure 
was reading through a Prandtl tube in a tilt U-manometer. The geometry of the Venturi tube and the locations of 
the pressure taps along its axis are shown in Figure 1. 

 

Figure 1. Geometry of the Venturi tube and positions of pressure taps 

 
The Venturi apparatus was retrofitted with the replacement of the liquid column manometers with 

differential pressure transmitters and the addition of a temperature transmitter. A schematic diagram of the 
laboratory apparatus with the measurement chain in details are shown in Figure 2. Tygon tubing was used to 
connect the pressure taps to pressure transmitters and a pressure manifold which designed and constructed in the 
fmtulab [12]. The output pressure from the manifold was connected to the high pressure input of the Dwyer 
differential pressure transmitter MS-311-LCD (Δpmax=1250Pa, Accuracy: 1%)[15. The pressure tap located in 
the throat of the Venturi tube was connected with the low pressure input of the differential pressure transmitter. 
The reference dynamic pressure was captured with the use of a Prandtl tube located in the downstream end of 
the Venturi tube at its axis. The total and static pressure ports of the Prandtl tube were connected to the high and 
low pressure inputs respectively of the Dwyer differential pressure transmitter MS-121-LCD (Δpmax=100Pa, 
Accuracy: 1%). For recording the temperature of the air in the inlet section of the apparatus, the temperature 
transmitter Dwyer 650-3, was used. All transmitters require DC power supply and three Dwyer A-700 
(Output: 24-29 VDC regulated) units were used. 

Aiming to the control of the experiment, the collection and storage of measured data, the low cost National 
Instruments USB-6009 DAQ (Data Acquisition) multifunction card that provides basic data acquisition 
functionality for applications such as simple data logging, portable measurements, and academic lab 
experiments, was used. The selected DAQ card offers 8 analog inputs (14-bit, 48 kS/s), 2 analog outputs (12-bit, 
150 S/s), 12 digital I/O and one 32-bit counter [16].  Moreover, it is compatible with LabVIEW which is the 
software application software which was used for the development of the so called "virtual instrument" that 
serves the purposes of the research project. It integrates measurements, data display and acquisition. The 
LabVIEW "virtual instrument's front-panel" interface is given in Figure 3. The measured data are stored in a file 
in the HD of a P4 desktop PC for future processing.  
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Figure 2. Schematic diagram of the experimental layout and the measurement chain 

 

Figure 3. The front panel GUI in LabVIEW 
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Pressure tap x/L p-pthroat (Pa) 

1 0,0754 327,2 420,3 548,1 718,6 1029,3 

2 0,1688 320,0 407,8 530,7 699,0 1005,8 

3 0,2622 300,7 383,9 501,3 653,5 924,1 

4 0,3564 236,3 312,5 405,2 525,3 757,8 

5 0,4505 0,0 0,0 0,0 0,0 0,0 

6 0,5612 188,4 247,8 325,6 431,3 619,2 

7 0,7190 254,9 333,1 433,9 581,1 823,5 

8 0,9058 271,3 345,1 460,5 622,0 894,5 

ΔpPr (Pa) 15,1 19,6 26,6 38,0 55,7 

Re=ρuthroatDthroat/μ 5,61·104 6,34·104 7,23·104 8,32·104 9,87·104 

Volume flow rate (m3/s) 0,024456 0,029436 0,035078 0,040771 0,047178 

Table 1: Experimental data sets  

In the modernized Venturi setup, successive measurements were conducted for various fan rpm, one to check 
the repeatability of the measurements and other to investigate the Reynolds number influence on the non-
dimensional pressure distribution along the Venturi tube. Table 1 lists sample pressure data collected for five 
different volume flow rates. For each data set, the corresponding reference dynamic pressure from the Prandtl 
tube and the Reynolds number based on throat velocity and diameter are tabulated. The volume flow rate is 
derived with the use of the following calibration curve [12]: 

 
12 3 9 2 5

Pr Pr PrQ 1,246258 10 p 4,985034 10 p 7,477551 10 p 4,15%            (1) 

 
where ΔpPr is the dynamic pressure captured by the Prandtl tube. 

 

4 CFD SIMULATIONS 

In addition to retrofitting of the Venturi apparatus and the development of custom-written virtual 
instrumentation, the undergraduate student supported in his work by the postgraduate student constructed virtual 
Venturi model to be used for CFD simulations. A two-dimensional axi-symmetric CAD drawing of the 
experimental setup was generated using SolidWorks[17]. The CAD model imported in Fluent’s 
preprocessor Gambit (ver. 2.4) for generating two types of meshes of the internal flow apparatus. As shown in 
Figure 4, meshes with either triangular or quadrilateral elements were generated, allowing for mesh comparison 
studies. In all cases, boundary layer elements are attached to the solid surfaces to more accurately capture the 
larger gradients in the wall region. These elements allow the use of finer meshes where locally necessary and the 
use of coarser meshes elsewhere in the domain. The computational domain was divided into three individual 
regions. These regions were the entry region, the contraction, and the Venturi tube. During the CFD 
prepossessing phase the student was asked in a repeating process to generate his own meshes based on provided 
geometrical dimensions.  

Each mesh file was next imported into Fluent (ver. 6.3) with the fluid material defined as air at conditions 
corresponding to that measured experimentally. The grid independence test was performed for each 
configuration for several grid sizes at the highest experimental Reynolds number (i.e. Re=9,87·104) which 
corresponds in 0,05691988 kg/s mass flow rate. Starting with about 5.000 nodes in each type of mesh the grids 
were refined successively by adding about 3,000 nodes at each step. Relative percentage changes in normalized 
pressure drop between the Venturi’s inlet and throat were monitored as the grids were refined successively. 
Aiming to the optimization of CPU resources with an acceptable level of accuracy that corresponds in 1% 
relative change, all parametric runs were made with 19.170 nodes (18.502 cells) for the structured mesh and 
11.860 nodes (20.605 cells) for the unstructured mesh. All grid independence tests for both types of mesh the 
same boundary conditions were applied, the SIMPLE solver which is described in Fluent manual was selected, 
the k-ε turbulence model with standard wall functions was used and the convergence criteria were set to 10−6 for 
the residuals of all conserved quantities. The SIMPLE solver and the convergence criteria remained unchanged 
for all subsequent parametric simulations.  

Initially, the student was asked to run inviscid simulations for both meshes and for different volume flow 
rates. By the completion of inviscid flow runs he asked to run viscous simulations using the following three 
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turbulence models: the two equations standard k-ε model, the two equations standard k-ω model and the five 
equations Reynolds Stress (RS) model. For the near wall treatment, standard wall functions were used when 
applied the k-ε and RS models, and shear flow corrections in the cases where the k-ω was used.  

In each simulation, the inlet boundary condition is set as velocity inlet with a value corresponding to the 
experimentally measured volume flow rate and applying the continuity equation. Regarding the outlet boundary 
condition, pressure outlet was selected with a value of gage pressure equal to the outlet dynamic pressure which 
has been measured.  

 

Figure 4. The two examined meshes developed in Gambit 

 
Unstructured mesh (20.605 cells)  Structured mesh (18.502 cells) 

Turbulence Model No. of iterations cpu (sec)  Turbulence Model No. of iterations cpu (sec) 

-    (Inviscid flow) 663 59,182  -    (Inviscid flow) 1.795 117,456 

k-ε  2.693 305,961  k - ε 4.030 545,670 

k-ω 1.798 242,359  k-ω 4.350 680,084 

RS 5.919 1.358,768  RS 9.590 1.747,166 

Table 2: Summary of cpu time and iterations for the conducted cfd simulations 

All the calculations were carried out in an Intel Core i7 - 920 desktop Windows Vista Ultimate X64 PC with 
12Gb Ram. The conducted CFD simulations with the recorded iterations for convergence and the corresponding 
cpu time are shown in Table 2. 
 

5 RESULTS AND DISCUSSION 

The CFD results are almost independent of the mesh types examined for all mass flow rates considering in 
the current parametric study. Therefore, setting as criterion the number of iterations and the required cpu time, 
the unstructured grid may be considered preferable.  

The pressure variation along the axis of the Venturi tube has been calculated in terms of non-dimensional 
pressure or pressure coefficient which is defined as follows: 

 

p 2

p p
c

( 1 / 2 ) c





       (2) 

 
where p is the local static pressure measured or computed on the wall of the Venturi tube, pT is the static 
pressure in the throat of the tube, ρ is the density of the air and cT is the mean velocity in the throat of the tube. 

The behavior of the static pressure along the walls of the Venturi tube is shown in Figure 5a. The 
experimental cp-values for five Reynolds numbers are directly compared with the corresponding predictions 
when using the standard k-ε model and the predictions for the highest Reynolds number (i.e. Re=9,87·104) when 



Efstathios I. Xanthopoulos,  Dimitrios A. Tzempelikos, Andronikos E. Filios and Dionissios P. Margaris. 

the k-ω and RS models are used.  The curves for the other Reynolds numbers in both k-ω and RS models have 
been omitted to make the diagram easier to read. The experimental data and viscous predictions are compared 
with the numerical inviscid prediction and the one-dimensional solution for the classical Venturi tube. In all of 
the cases the pressure decreases at the inlet of the converging section and reaches a minimum at the throat. In the 
diverging section the pressure is increased and finally is recovered in the outlet when the flow is considered 
inviscid. In the converging section where the flow is accelerated the inviscid prediction is almost identical to the 
viscous prediction and the selection of the turbulence model does not influence the calculation of the pressure 
except in the near to inlet region where the k-ω model seems to over predict the pressure. Downstream of throat 
the pressure in the wall of the Venturi tube for constant diffuser angle depends on Reynolds number and it is 
certified by both measurements and viscous predictions. The predictions with the use of k-ω and RS models are 
both closer to the measurements in comparison to the corresponding for the k-ε model.  
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Figure 5. Non-dimensional pressure (a) and velocity (b) distributions along the non-dimensional length of the 
Venturi tube (CLV is the centerline velocity) 

The variation of the predicted velocities at the centerline of the Venturi tube is shown in Figure 5b. All 
velocities have been normalized to the mean velocity at the throat which is derived from the mass flow rate, the 
air density and the throat diameter. Again, the viscous predictions are compared with the one-dimensional 
inviscid flow solution and the axisymmetric inviscid prediction as derived from Fluent.  

In addition to comparing experimental and computational results, the student has the opportunity in this 
research project to investigate the pressure and velocity fields in the Venturi tube in more detail. Figure 8 shows 
an example of the static pressure and velocity fields obtained with the simulation of the flow inside the Venturi 
tube used in the experiments. This figure indicates that the CFD simulation is able to capture effects that a one-
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dimensional solution cannot capture. The change in momentum at the inlet of the Venturi experienced by the 
fluid produces a lower static pressure at the walls of the throat than at the centerline. 

 

 

Figure 6. Static pressure and velocity fields in Venturi tube (Re=9,87·104, k-ε turbulence model) 

 

 

Figure 7. Comparison of turbulence kinetic energy (m2/s2) between turbulence models (Re= 9,87·104) 

Figure 7 shows the differences in turbulent kinetic energy into the Venturi tube using the structured mesh 
domain model. It can be seen that the RS turbulence model predicted less dissipation of turbulent kinetic energy 
compared to the standard k-ε and k-ω turbulence models requiring more iterations and computer resources.  The 
k-ω model predicted slightly higher dissipation of turbulent kinetic energy compared to the standard k-ε model.  

 

6 CONCLUSIONS 

The accomplishment of three month project during the winter semester of the current academic year, which 
is described in this paper, was an opportunity to an undergraduate student to involve in the modernization of an 
old laboratory apparatus. Beyond the expansion of his knowledge in  LabVIEW he showed great interest in 
using CFD. The color pictures are great motivators and successful completion of the project gave him a real 
sense of accomplishment. The importance of validation was emphasized over and over so that he leaves with 
that important lesson. The most important lesson required the continuing reinforcement of the necessity to solve 
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the right problem with known accuracy, and to convince his instructors of that accuracy.   
The deliverable of the current project is a laboratory assignment which will be incorporated into fmtulab’s 

curriculum. According to the updated Venturi tube assignment, a group of three students will be asked to collect 
and simulate pressure data for two flow conditions and to focus on a comparison of the experimental and CFD 
results, as well as on the performance of different viscous models and numerical schemes.  It is expected that the 
students using modern instrumentation can be easily familiarize with it and they well motivated to perform 
experiments in much more convenient and efficient way, i.e.  more tests in less time.  

It is expected that other similar projects will be included in the Fluid Mechanics II course supported by the 
Fluid Mechanics and Turbomachinery Laboratory (fmtulab) at School of Pedagogical and Technological 
Education. Furthermore, information and experience sharing between fmtulab and affiliated Laboratories in 
other educational institutions, mainly driven by the advancements in computer technology and the internet, will 
result in the participation of more undergraduate students  in similar research initiatives and certainly this will 
expand the collaboration in education disciplines between the laboratory units. 
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