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Virtual Laboratory Work in the Course of Hydromechanics
«The Study of Hydraulic Resistance of Pressure Pipe»

PRINCIPLES OF INTERACTION WITH THE VIRTUAL MODEL
OF THE LABORATORY EQUIPMENT

The simulation model of the laboratory equipment is an interactive geometric
structure placed in a virtual three-dimensional space. Observation of objects is carried out
using a virtual camera. In the basic (free) mode, the camera can rotate around the focus
point (figure 1). The focus point of the camera can move in the vertical frontal plane. In
addition, the camera can distance itself relative to the focus point for an arbitrary distance
bounded by the dimensions of the work space of 3D scene.
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Figure 1 - Principle of the Camera Control in Free Mode
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Basic manipulations with the camera in a free mode are carried out using a
computer mouse. Herewith pressing and holding the left mouse button with the
accompanying movement of the mouse moves the focus point of the camera in the frontal
plane of work space. Clicking and holding the right mouse button while moving the mouse
causes the camera to rotate relative to the focus point. The angles of rotation (azimuth and
elevation) of the camera are limited by the dimensions of the 3D work space. The distance
between camera and focus point is changing by rotating the mouse scroll wheel in the
forward and reverse directions.

Note: in some virtlabs, the focus point may move in a horizontal plane!

In addition to the free mode, the camera can switch to individual elements of the
laboratory equipment. Switching the camera to the individual object is performed by
hovering the mouse over the object with a subsequent single click of the left mouse button.
In this case, the camera can take a static position or be able to move in a vertical plane by
hovering the mouse pointer to the edges of the screen or using the keyboard arrow keys.
The clicking on an arbitrary area of the screen is return of the camera to basic mode.

The interaction with the control elements of the simulational laboratory equipment
is carried out by hovering the mouse over the object and then pressing (or a single click)
the left (or right) mouse button. Specific of the control for different elements may vary. For
example, continuously regulating elements (flow control valves, etc.) require holding the
left or right mouse button to change their state. Elements of discrete action (gates or
latches) require a single click of the left mouse button.

At the moment of hovering the mouse pointer over the object, manipulations with
the camera are temporarily unavailable. Similarly, when manipulating the camersj, it is not
possible to perform actions on the controls elements of the lab equipment.

VIRTUAL MODEL OF THE LABORATORY EQUIPMENT

A simulation model of a laboratory equipment (Figure 2) includes a pressure tank
(1), into which water is supplied through the pipeline (2). An overflow device is installed
inside the tank, which provides steady movement in the system. In this case, water is
drained from the right side of the tank through a pipeline (3). A valve (4) is used to turn on
the water supply. From the left side of the tank, water is supplied to the pressure pipe (5)
with hydraulic resistances (in length and local) sequentially located on it. Two hydraulic
piezometers are connected to each hydraulic resistance (in front of and behind it). All
piezometers for convenience are displayed on a stand (6). Valve (7) is used to control the
water flow @ in the system. The value of @ is measured using a measuring tank (8) and a
stopwatch.
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Figure 2 - Image of a Simulation Laboratory Equipment
for Experimental Study of Hydraulic Resistance of Pressure Pipe

The equipment allows you to make the necessary measurements and determine the
hydraulic friction coefficients A and the local resistance coefficients ¢ for the following
sections (pi — piezometer at the beginning of the section, pi+1 - piezometer at the end of the
section):

pi-pz - straight section for determining the head loss along the length and
calculating the coefficient of hydraulic friction 4;

p2-p3 - sudden expansion for determine the head loss at the local resistance and
calculate the coefficient of local resistance {;

p3-p4+ - smooth bend for determine the head loss at the local resistance and
calculate the coefficient of local resistance

ps-ps — straight section for determining the head loss along the length and
calculating the coefficient of hydraulic friction 4;

ps—ps — sudden bend for determine the head loss at the local resistance and calculate
the coefficient of local resistance ¢;
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ps-p7 — straight section for determining the head loss along the length and
calculating the coefficient of hydraulic friction /4;

p7-ps - smooth bend for determine the head loss at the local resistance and
calculate the coefficient of local resistance ¢;

ps—po - straight section for determining the head loss along the length and
calculating the coefficient of hydraulic friction 4;

po-p1o - sudden narrowing for determine the head loss at the local resistance and
calculate the coefficient of local resistance {;

pio-p11 - straight section for determining the head loss along the length and
calculating the coefficient of hydraulic friction /;

p11-p12 - sudden expansion to determine the head loss at the local resistance and
calculate the coefficient of local resistance ;

p12-p13 - straight section for determining the head loss along the length and
calculating the coefficient of hydraulic friction A

The geometric dimensions of the pipeline sections are presented in Figure 3.
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Figure 3 - Geometrical Scheme of a Simulation Laboratory Equipment
PHYSICAL PROCESS DESCRIPTION

Experimental studies have established that when a fluid moves, part of the total
head (energy) is spent on overcoming the work of the viscosity forces, i.e., head losses
occur.

When the fluid moves uniformly, the hydraulic resistance, which manifests itself
uniformly along the entire length of the flow, is called the resistance along the length, and
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the pressure loss caused by it is called the head loss along the length (/). These losses in
round pipelines operating in full cross section are calculated according to the Darcy-
Weisbach formula:

l-0°
d-2g
where A - dimensionless coefficient called the hydraulic friction coefficient (Darcy
coefficient). The coefficient A characterizes the hydraulic resistance of the pipeline and

hl =4 €Y)

generally depends on the Reynolds number Re and the relative roughness Ag/d of the
pipeline, that is, == ReAg/d); /and d - the length and inner diameter of the pipeline; v -
the average velocity of the fluid flow.

Figure 4 shows the dependence of the coefficient of hydraulic friction A on the
Reynolds number Re for pipes with different relative artificial roughness Ag/d.
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Figure 4 - Dependence of the Coefficient of Hydraulic Friction A on the Reynolds Number
Re for Pipes with Different Relative Artificial Roughness

The value of the coefficient A in hydraulic experiments is calculated from the
experimental data from formula (1). In hydraulic calculations, according to empirical and
semi-empirical formulas, for example, in the laminar mode:

64
"= Re @)
and in turbulent mode of fluid motion and the operation of the pipeline in the field of pre-
quadratic resistance - according to the formula:
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The value of the absolute equivalent roughness Az in the calculations is taken from
the reference literature depending on the material of the pipeline and the state of its inner
surface. For example, for organic glass pipes Ar=0.006 mm, and for steel pipes Ag
=0.20...0.50 mm.

The area of hydraulic resistance in the calculations is determined either directly

from the graphs A= ReAg/d), obtained experimentally for pipes from various materials
and given in the reference literature, or using the ratios 10d/Az and 500d/Agz In the latter
case, the ratios 10d/Ag and 500d/Ag are calculated and compared with the Reynolds
number Re(d)=vd/v. If Re=500d/Ag the pipeline operates in the region of quadratic
resistance. If 3000<Re<10d/Af, the pipeline works in the area of hydraulically smooth
pipes. If 10d/Ar<Re<500d/Ar the pipeline operates in the area of the pre-squared
resistance.

It should be borne in mind that for each area of hydraulic resistance, its own
formulas for calculating the coefficient A are proposed and used in hydraulic calculations.

Another type of hydraulic resistances arising in places of a sudden change in the flow
configuration, changes in the flow velocity in magnitude or direction, are called local
resistances, and the head losses caused by them are called local head losses (/zoc).
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Figure 5 - Flow Diagrams for Fluid Movement in Case of a Sudden Change in the Pipeline
Cross-Section: a - expansion; b - narrowing
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When passing through any local resistance, the fluid flow is deformed (Figure 5), as
a result of which the movement becomes uneven, suddly changing, which is characterized
by:

a) significant curvature of streamlines and live flow cross sections;

b) detachments of the transit stream from the walls of the pipeline (due to the law
of inertia) and the occurrence of stable whirlpools at the places of separation;

B) increased (compared to uniform movement) pulsation of speeds and pressures;

r) change of shape (reformation) of the epure of velocities.

Local head losses in hydraulic calculations are calculated according to the Weisbach

formula:

2
L

hIoc = (Z ’ (4)
where ¢ — dimensionless coefficient called the local resistance coefficient; v - the average
flow velocity in the cross section behind the local resistance, i.e., downstream (if the
velocity v, as an exception, is taken before the local resistance, this must be specified).

The value of the coefficient { depends in the general case on the Reynolds number
Re, the type and configuration, i.e., the shape of the flow part of the local resistance. In the
particular case when the pipeline on which the local resistance is located operates in the
quadratic resistance area, the value of the coefficient { does not depend on Re.

The ¢ value for each type of local resistance is determined according to hydraulic
experiments using formula (4). The thus obtained values of the coefficients ¢ for various
types of local resistances are taken in hydraulic calculations (usually with a quadratic
resistance area) from the reference and specialized literature. The exceptions are a sharp
expansion and a sudden narrowing of the pipeline, for which the numerical values of the
coefficients ¢ are determined by formulas obtained theoretically and semi-empirically.
With a sudden expansion of the pipeline, when the average velocity in formula (4) is taken
before the local resistance, i. e. v1, the local resistance coefficient for sudden expansion

2

, S

Cexp=(1—S—1J : (5)
2

where S$1 and 5 — pipeline cross-section areas before and after local resistance in the

direction of fluid movement, respectively.
If the velocity is taken for local resistance, i.e., o, , then

2
n S
é/expz(s_z_lj ) (6)
1
The coefficient of local resistance with a sudden narrowing of the pipeline ((nar) is
usually attributed to the velocity after the narrowing. Wherein

Cnar = 05(1_%J ’ (7)

1
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LABORATORY WORK DESCRIPTION

Laboratory Work Objectives:

1. Determine from experimental data, using formulas (1) and (4), the values of the
hydraulic friction coefficient Aexp and the values of the local resistance coefficients {exp for
the selected sections.

2. To establish the areas of hydraulic resistance in which sections of the pressure
pipe work.

3. Calculate the values of the coefficients of hydraulic friction A according to the
corresponding empirical formulas.

4. Find reference values for the local resistance coefficients.

5. Determine the relative deviations of Aexp and {exp from their calculated (reference)
values.

6. To construct, according to experimental data (on a scale), a head graph for the site
proposed by the teacher.

The Order of the Work and the Processing of Experimental Data:

1. Open the supply valve and fill the tank with water.

2. After filling the tank with water and stabilizing the water level in it (the overflow
device must work at the same time), open the control valve to supply water to the piping
system.

3. Using the stopwatch, determine the time ¢ (s) of filling the measuring tank with
volume W=0.05 m3.

4. Determine water flow rate ¢=W/¢t(m3/s).

5. Measure the water levels in the piezometers.

6. Determine the kinematic coefficient of viscosity of water v.

7. The measurement results for one experiment (at one water flow rate) are written
in table. 1-7 (depending on the assignment of the teacher and the selected site).

8. To process the experimental data in table. 1-7.

9. To construct, according to experimental data (on a scale), a head graph for the site
proposed by the teacher.

10. Give a conclusion of the results of the work.
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Table 1 - Results of Measurements and Calculations

Experimental Results

Ne Measured and Calculated Units Length Resistance Local Resistance
Values Section | Section | Sudden | Smooth Sudden
12-13 1-2 Bend Bend Narrowing
1 | Cross-section numbers - 12 |13 1|2 |5 | 6 7 8 9 10
2 Piezometer readings m
zi + pi/pg (accurate to mm)
3 | Measuring tank volume W m3
4 | Tank filling time ¢ S
5 | Water flow Q m3/s
6 | Diameter of the pipe di m
Pipe cross-section area
7 | 5% et m?
Average flow veloci
8 =0 /S% ty m/s
9 | Velocity head v2/2g m
Full head in cross section
10 m
Zi + py/pg + vi/2g
Head losses along the length
11 h;i and local hjoc ( by the m
difference of full heads before
and after the resistance)

Distances between connection
12 | points of piezometers (lengths m
of sections) [;

The experimental coefficient
13 | of hydraulic friction -
Aexpi = (hudi /1)/ (vi?/29)
Experimental coefficient of
14 | local resistance -
Gexpi = hioci / (Vi2/29)
15 Reynolds number _
Re = v d; /v

Area of hydraulic resistance
16 | (smooth pipes, pre- -
quadratic, quadratic)
Coefficient of hydraulic
17 | friction A; according to -
empirical formulas

The coefficient of local
resistance ¢ ( according to
the reference book and
empirical formulas)

Relative |Ey=(|A-Aexp|/A)-100| %
19 |deviations
Exand Eg | E¢=(|¢=Cexp /£)-100| %
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Table 2 - Results of Measurements and Calculations

Experimental Results

Ne Measured and Calculated Units Length Resistance Local Resistance
Values Section | Section | Sudden | Smooth Sudden
1-2 6-7 Bend Bend Expansion
1 | Cross-section numbers - 126 |75 6 3 4 11 12
2 Piezometer readings m
zi + pi/pg (accurate to mm)
3 | Measuring tank volume W m3
4 | Tank filling time t S
5 | Water flow Q m3/s
6 | Diameter of the pipe d; m
Pipe cross-section area
7 gt nd2/4 m?
Average flow veloci
8 D=0 /5% ty m/s
9 | Velocity head v2/2g m
Full head in cross section
10 m
Zi + py/pg + v/2g
Head losses along the length
11 hii and local hy.i ( by the m
difference of full heads before
and after the resistance)

Distances between connection
12 | points of piezometers m
(Iengths of sections) ;

The experimental coefficient
13 | of hydraulic friction -
Aexpi = (hudi /1) / (vi/2g)
Experimental coefficient of
14 | local resistance -
Cexpi = hioci / (Vi2/29)
15 Reynolds number _
Re = v d; /v

Area of hydraulic resistance
16 | (smooth pipes, pre- -
quadratic, quadratic)
Coefficient of hydraulic
17 | friction A according to -
empirical formulas

The coefficient of local
resistance ¢ (according to
the reference book and
empirical formulas)

Relative |Ea=(|A-Aexp|/A)-100| %
19 |deviations
Exand Bt | Eg=(|¢= Gl /£)-100| %
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Table 3 - Results of Measurements and Calculations

Experimental Results

Ne | Measured and Calculated | Unit | Length Resistance Local Resistance
Values S | Section | Sectio | Sudden | Smooth Sudden
10-11 | n6-7 Bend Bend Expansion
1 | Cross-section numbers - 10|11 6 | 7 | 5 6 7 8 11 12
2 Piezometer readings m
zi + pi/pg (accurate to mm)
3 | Measuring tank volume W m3
4 | Tank filling time ¢ s
5 | Water flow Q m3/s
6 | Diameter of the pipe d; m
Pipe cross-section area
7 gt nd2/4 m?
Average flow veloci
8 D=0 /,5% ty m/s
Velocity head vi2/2g m
Full head in cross section
10 m
zi+ pi/pg + v?/2g
Head losses along the length
11 h;i and local hjoci ( by the m
difference of full heads before
and after the resistance)

Distances between
12 connection points of m
piezometers (lengths of
sections) [;

The experimental coefficient
13 | of hydraulic friction -
Aexpi = (hiidi /1) / (vi2/29)
Experimental coefficient of
14 | local resistance -
Gexpi = hioci / (Vi%/29)
15 Reynolds number _
Re = v d; /v

Area of hydraulic resistance
16 | (smooth pipes, pre- -
quadratic, quadratic)
Coefficient of hydraulic
17 | friction A; according to -
empirical formulas

The coefficient of local
resistance ¢ ( according to
the reference book and
empirical formulas)

Relative [Er=(|A-Aexp|/A)-100| %
19 |deviations
Exand Eg | Ex=(|{=Cexpl /£)-100| %
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Table 4 - Results of Measurements and Calculations

Experimental Results

Ne Measured and Calculated Units  Length Resistance Local Resistance
Values Section | Section | Sudden | Smooth Sudden
1-2 6-7 |Narrowing, Bend Expansion
1 | Cross-section numbers - 1(2 6|7 9 10 | 3 4 11 12
2 Piezometer readings m
zi + pi/pg (accurate to mm)
3 | Measuring tank volume W m3
4 | Tank filling time ¢ s
5 | Water flow Q m3/s
6 | Diameter of the pipe d; m
Pipe cross-section area
7 e nd2/4 m?
Average flow veloci
8 D=0 /,5% ty m/s
Velocity head vi2/2g m
Full head in cross section
10 m
zi+ pi/pg + v?/2g
Head losses along the length
11 h;i and local hjoci ( by the m
difference of full heads before
and after the resistance)

Distances between
12 connection points of m
piezometers (lengths of
sections) [

The experimental coefficient
13 | of hydraulic friction -
Aexpi = (hiidi /1) / (vi2/29)
Experimental coefficient of
14 | local resistance -
Gexpi = hioci / (Vi%/29)
15 Reynolds number _
Re = v d; /v

Area of hydraulic resistance
16 | (smooth pipes, pre- -
quadratic, quadratic)
Coefficient of hydraulic
17 | friction A; according to -
empirical formulas

The coefficient of local
resistance ¢ ( according to
the reference book and
empirical formulas)

Relative |Ea=(|A-Aexp|/A)-100| %
19 |deviations
Exand E7 |E¢=(|{-Cexp| /£)-100| %
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Table 5 - Results of Measurements and Calculations

Experimental Results

Ne Measured and Calculated Units | Length Resistance Local Resistance
Values Section | Section | Sudden | Smooth Sudden
10-11 6-7 Bend Bend Expansion
1 | Cross-section numbers - |10f11| 6 | 7 |5 6 3 4 11 12
2 Piezometer readings m
zi + pi/pg (accurate to mm)
3 | Measuring tank volume W m3
4 | Tank filling time t S
5 | Water flow Q m3/s
6 | Diameter of the pipe d; m
- Pipe cross-section area m?
Si= T[diz/ 4
Average flow veloci
8 D=0 /5% ty m/s
Velocity head vi2/2g m
Full head in cross section
10 m
Zi + py/pg + v/2g
Head losses along the length
11 hii and local hy.i ( by the m
difference of full heads before
and after the resistance)

Distances between
12 connection points of m
piezometers (lengths of
sections) [

The experimental coefficient
13 | of hydraulic friction -
Aexpi = (hudi /1) / (vi¢/29)
Experimental coefficient of
14 | local resistance -
Cexpi = hioci / (Vi%/29)
15 Reynolds number _
Re =vid; /v

Area of hydraulic resistance
16 | (smooth pipes, pre- -
quadratic, quadratic)
Coefficient of hydraulic
17 | friction A; according to -
empirical formulas

The coefficient of local
resistance ¢ (according to
the reference book and
empirical formulas)

Relative |Ei=(|A-Aexp|/A)-100| %
19 |deviations
Exand E; |E=(|¢-Cexp|/£)-100| %
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Table 6 - Results of Measurements and Calculations

Experimental Results

Ne Measured and Calculated Units | Length Resistance Local Resistance
Values Section | Section | Sudden | Smooth | Sudden
12-13 1-2 Bend Bend Narrowing
1 | Cross-section numbers - 12113112 |5 | 6 7 8 9 10
2 Piezometer readings z; + pi/pg m
(accurate to mm)
3 | Measuring tank volume W m3
4 | Tank filling time t s
5 | Water flow Q m3/s
6 | Diameter of the pipe d; m
Pipe cross-section area
’ Si=ndi/4 m?
Average flow veloci
8 D=0 /5% ty m/s
Velocity head vi2/2g m
Full head in cross section
10 m
zi + pi/pg + vi/2g
Head losses along the length hj
11 and local hjoi ( by the difference m
of full heads before and after the
resistance)
Distances between connection
12 | points of piezometers (lengths m
of sections) /i
The experimental coefficient of
13 | hydraulic friction -
Aexpi = (hudi /1) / (vi/2g)

Experimental coefficient of
14 | local resistance -
Cexpi = hioci / (Vi2/29)
Reynolds number

Re = v d; /v

Area of hydraulic resistance
16 | (smooth pipes, pre-quadratic, -
quadratic)

Coefficient of hydraulic friction
17 | A according to empirical -
formulas

The coefficient of local

18 resistance ¢ (according to the B
reference book and empirical
formulas)

Relative | Ex=(|A-Aexp|/A)-100 %
19 |deviations
Exand Bt | Er=(]¢-Conl/£)-100 | %
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Table 7 - Results of Measurements and Calculations

Experimental Results

Ne | Measured and Calculated Values | Units Leng i Resioanie Local sestisiice
Section Section | Section | Sudden | Sudden
8-9 10-11 12-13 |NarrowingExpansion
1 | Cross-section numbers - 8 9 10 |11 (12|13 | 9 |10 11 12
2 Piezometer readings z; + pi/pg m
(accurate to mm)
3 | Measuring tank volume W m3
4 | Tank filling time t s
5 | Water flow Q m3/s
6 | Diameter of the pipe d; m
Pipe cross-section area
’ Si=ndi/4 m?
Average flow veloci
8 D=0 /5% ty m/s
Velocity head vi2/2g m
Full head in cross section
10 m
Zi + py/pg + v/2g
Head losses along the length hj
11 and local hjoi ( by the difference m
of full heads before and after the
resistance)
Distances between connection
12 | points of piezometers (lengths m
of sections) /i
The experimental coefficient of
13 | hydraulic friction -
Aexpi = (hudi /1) / (vi/2g)

Experimental coefficient of
14 | local resistance -
Cexpi = hioci / (Vi2/29)
Reynolds number

Re = v d; /v

Area of hydraulic resistance
16 | (smooth pipes, pre-quadratic, -
quadratic)

Coefficient of hydraulic friction
17 | A; according to empirical -
formulas

The coefficient of local

18 resistance ¢ (according to the B
reference book and empirical
formulas)

Relative | Ex=(|A-Aexp|/2)-100 %
19 |deviations
Exand Ey | Ec=(|{=Gexpl/£)-100 | %
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