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1. Introduction

Minor losses in domestic installations, water supply or heating,
directly connected to the pipelines materials and applied fittings, may
cause significant pressure losses. The proper and exact determination of
minor losses may become a serious engineering task. Numerous scien-
tific reports (Cisowska et al. 2004, Chern et al. 2007, Strzelecka &
Jezowiecka-Kabsch 2008, 2010, Shirazi et al. 2012, Widomski et al.
2012) showed that traditional methodology, based on former PN-M-
34034:1976 standard, repeated also e.g. in the actual PE-EN 1267:2012,
applied to installations consisting of pipelines and fittings of various ma-
terials (metals and polymers/plastics) often gave results far from the ac-
tual, measured values. Nowadays, determination of minor losses during
designing of modern domestic installations based on plastic pipelines is
generally performed on the basis of values of coefficients supported by
the producers of pipelines and fittings (Piechurski et al. 2009, Widomski
etal. 2012, Janowska et al. 2013).

There are still unanswered questions concerning how the support-
ed values meet the complicated and multivariate cases of various fittings
at flow of different Reynolds numbers.

Table 1 presents standards values of minor loss coefficients for
90° long elbow and full crossover reported in literature or suggested in
technical guidelines.
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Table 1. Literature values of minor loss coefficients for long elbow and full

Crossover

Tabela 1. Wartosci literaturowe oporéw miejscowych dla tuku i odsadzki

Source Gorecki et | Strzeszewski COBRTI DIN |PCPM
u al. 2009 2010 Instal 2004 1988 2013
Long elbow 1.0 1.0 0.7 0.7 1.0
Full 0.5 0.5 0.5 05 | 05
crossover

As it can be seen in Tab. 1, known technical guidelines, standards
and literature reports suggest constant value of minor loss coefficient,
despite the fact that variable flow conditions may occur inside water sup-
ply or heating domestic installation.

Numerical modeling based on Computational Fluid Dynamics
(CFD) seems to be a useful tool in the assessment of phenomena occur-
ring during water flow through various piping and fittings and determina-
tion of minor loss coefficients for variable Re number. CFD was success-
fully applied in many benches of science and technology, including nu-
merical modeling of hydraulic parameters for water flow inside water
supply installations and networks (Musz et al. 2009, Widomski et al.
2012, Janowska et al. 2013, Musz et al. 2015). The commercial Fluent,
Ansys Inc. is a worldwide known CFD computing software popularly
used in various studies concerning water flow (Ahmad et al. 2005, Liu
&Peng 2005, Norton & Sun 2006).

This paper presents results of laboratory and numerical studies
concerning pressure losses at variable Reynolds number for the selected
fittings installed at copper installation pipes. Our studies were conducted
for 90° long elbow and full crossover 15 x 1 mm installed at pipeline by
soft soldering. Numerical calculations performed in Fluent, Ansys Inc.,
were used to analyze the distribution of flow velocity magnitude and tur-
bulence intensity during water flow through the studied fittings, as well
as to calculate the minor loss coefficient for a given volumetric flow rate
and Reynolds number.

2. Materials and methods

Studies concerning values of minor pressure loss related to water
flow rate were performed for copper 90 degree long elbow DN 15x1 and
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copper full crossover DN 15x1. Both tested fittings were installed at the
pipeline by soft soldering.

Laboratory measurements of water flow through the tested fittings
were performed at the laboratory setup specially constructed for this pur-
pose, presented in Fig. 1. The spatial arrangement of pressure measure-
ments points and length of the used straight segments of pipelines before
and after the tested fittings were based on the literature reports (Siwiec et
al. 2002, Cisowska & Kotowski 2004, 2006, Grajper & Smotka 2010,
Strzelecka & Jezowiecka-Kabsch 2010, Wienerowska-Bords 2014, Dul
et al. 2015) and met the requirements of PN-EN 1267:2012; they are
longer than the required > 2D before and > 10D after the location of mi-
nor pressure loss. The applied measurement installation was consisting of
set of rotameters, copper pipelines DN 15x1, tested fittings, air removal
valve and pressure measurement unit, i.e. differential manometer of accu-
racy 0.01 m H,0. Measurements were performed for increasing and de-
creasing volumetric flow rate within the range of 100 to 1400 dm’-h™',
with the step of 50 dm’>-h™".

10d 10d
H H H =y . 04 CuDze 1540
. 4
supply IE
1 - differential manometer . sewage system

2 -90 degree long elbow 1
3 - full crossover

b

Fig. 1. Scheme of laboratory setup
Rys. 1. Schemat stanowiska pomiarowego

Numerical calculations of water flow through the tested fittings
were performed in CFD computing software FLUENT 6, ANSYS
12.0.16 Inc., USA, on the basis of the finite volume method. The devel-
oped geometrical models, reflected water body filling the tested installa-
tion, taking into consideration the precise mapping of tested fittings and
applied joins in the scale of similarity 1:1.

In both cases, the 3D discretization based on pyramidal finite el-
ements/volumes shape was applied to evolve the finite elements mesh.
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The number of developed elements and nodes reached the level of ap-
prox. 160 000 and 34 500 for long elbow and 1 200 000 and 240 000 for
full crossover, respectively.

The applied numerical calculations of water flow through the test-
ed fittings were based on the standard two-equation k-epsilon turbulence
model (Launder & Spalding 1974). The described numerical calculations
of water flow through the long elbow and full crossover were performed
for variable Reynolds number, greater than 20 000, i.e. for volumetric
flow rate within the range 1000-1400 dm*-h™. The applied input data for
numerical modeling covered density of water in range
998.3-998.9 kg'm™ and viscosity 0.001 do 0.0011 kg'm™s™, both in re-
lation to observed water temperature during measurements. The assumed
boundary conditions at the inflow to the developed model covered varia-
ble mass flow rate, static gage pressure equal to 1.2 bar and variable ini-
tial turbulence intensity. Wall boundary condition was determined as
pipe wall material roughness equal to 1.5-10° mm. The outflow boundary
condition required the value of atmospheric pressure to be assigned;
hence, the standard atmospheric pressure equal to 101325 Pa was set.

The assumed as inflow boundary condition turbulence intensity
was determined according to the equation below (Wesseling 2000):

1
1=0.16-Re ® (1)

where: [ — turbulence intensity [%].

Determination of coefficient of minor loss for tested fittings, ob-
tained by both applied methods, laboratory measurements and numerical
modeling, was based on a transformed Bernoulli’s equation for straight,
horizontal pipeline of constant diameter. Value of friction factor for Dar-
cy-Weisbach equation was determined separately for each case by itera-
tion method according to Colebrook-White equation.

3. Results and discussion

Results of laboratory measurements of pressure loss, in relation to
Reynolds number, during water flow through the tested fittings were pre-
sented in Fig. 2. A clear relation between value of Reynolds number,
resulting from increasing flow rate, and the measured value of pressure
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loss for each of the studied fitting is visible in Fig. 2. The greater increase
of pressure loss was observed for the studied 90° long elbow. The maxi-
mum observed pressure loss was equal 13.7 kPa for Reynolds number
Re=30794 (v=3.1 ms™).
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Fig. 2. Measured pressure drop for the tested long elbow and full crossover as
function of Reynolds number
Rys. 2. Pomierzone wartosci straty cisnienia w funkcji liczby Reynoldsa

Fig. 3 and Fig. 4 present measured values of minor loss coefficient
for 90° long elbow and full crossover as a function of Reynolds number.

Results of the performed laboratory measurements showed a clear
relation between Reynolds number (Re < 10 000, mean inflow velocity
value equal 2.09 m's™) and the observed pressure loss, as well as the co-
efficients of minor losses. The type of flow reflected by the value of the
Reynolds number as well as value of the resultant friction pressure losses
may affect the minor pressure loss at low values of Re number. In our
case, for Re < 10 000, taking into account that k/D ratio for the applied
pipes was approx. equal to 1-10™ the studied pipeline may be treated as
nearly hydraulically smooth (as it is presented in the Nikuradse’s graph)
for which the constant reduction in the value of friction factor for the
increasing Re number may be observed. Thus, decreasing value of the
measured coefficient of minor pressure loss for Re < 10 000 is compre-
hensible.
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Fig. 3. Results of modeled and measured minor loss coefficients for 90° long
elbow; where solid line — is an approximated function

Rys. 3. Pomierzone i obliczone warto$ci wspotczynnikow strat miejscowych dla
tuku 90°; linia ciggta — funkcja aproksymacyjna
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Fig. 4. Results of modeled and measured minor loss coefficients for full
crossover; where solid line — is an approximated function

Rys. 4. Pomierzone i obliczone wartosci wspotczynnikow strat miejscowych dla
odsadzki; linia ciagta — funkcja aproksymacyjna

For the water flow characterized by approx. Re > 10 000, the
measured coefficients of minor loss for both tested fittings showed
a nearly constant value (0.92 for long elbow and 0.31 for full crossover).
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Thus, in case of 90° long elbow, the presented value of minor loss
for Re > 10 000 is greater by 0.02, i.e. 2.2%, than the average literature
value, while for full crossover it was lower by 0.2, i.e. 38% of difference.

The results of the performed numerical modeling for high Reyn-
olds number, i.e. Re > 20 000 fully confirmed the presented observations.
The exemplary visualizations of numerical modeling results of velocity
of flow magnitude and turbulence intensity for long elbow were present-
ed in Fig. 5.

a)

ANSYS FLUENT 2.1 (34, dp. pbns, rie) ff

Fig. 5. Contours of velocity magnitude [m-s] for two longitudinal cross
sections (a) and spatial distribution of turbulent intensity (b) of the tested long
elbow for flow rate equal to 1400 dm*-h™!

Rys. 5. Uktad przestrzenny wypadkowej predkosci [m-s™'] w dwoch
przekrojach podluznych (a) oraz rozktad intensywnosci turbulencji (b) dla tuku,
dla natezenia przeptywu 1400 dm*-h™

The spatial distributions of velocity magnitude and turbulent in-
tensity for exemplary volumetric flow rate equal to 1400 m*/h presented
in Fig. 5 explain the reasons of minor loss generation for tested fittings
and joints. The maximum values of velocity magnitude and turbulence
intensity observed reached the values of 4.5 m/s and 22% for the 90° long
elbow and 4.7 m/s and 21% for the full crossover, respectively. The value
of turbulence intensity equal to 5% is a typical value assumed for undis-
turbed water flow (Wesseling 2000, Minkowycz et al. 2009). Thus, mo-
mentum changes and additional turbulences caused by changes of flow
stream shape, stream contraction and boundary layer separation, visible
in Fig 5, result in a local pressure drop.

The full range of variability of maximum modeled local velocity
magnitude, turbulence intensity and obtained values of minor loss coeffi-
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cients for all modeled values of volumetric flow rate characterized by
Re > 20 000.

Table 2. Results of numerical modeling covering maximum velocity
magnitude, turbulence intensity and minor pressure loss coefficient

for the tested volumetric flow rates

Tabela 2. Wyniki obliczen modelowych obejmujgce maksymalng predkos¢,
intensywnos¢ turbulencji i wspotczynnik strat ci$nienia dla badanych natgzen

przeptywu

Flow Long elbow Full crossover

Q Re Vmax | Imax | € | Vmax |Imax| &

m*h'] | [ | [ms']|[%]] [-] [ [ms']][%]] [-]
1000 |21996 | 3.2 16 {092| 3.3 16 | 0.23
1050 |[23096| 3.3 16 {092 | 3.5 16 | 0.22
1100 |24195| 3.5 17 {094 | 3.6 17 | 0.20
1150 | 25295 | 3.7 18 {093 | 3.8 18 | 0.27
1200 |26395| 3.8 19 {091 | 4.0 18 |0.23

1250 | 27495 | 4.0 19 1092 | 4.2 20 | 0.31
1300 | 28595 | 4.2 20 | 088 | 4.4 20 | 0.16

1350 | 29694 | 4.3 21 093 | 45 21 10.20
1400 | 30794 | 4.5 22 1091 | 4.7 21 10.23

Results of numerical studies presented in Tab. 2 confirm the ob-
servations from laboratory part of our research that for high values (mean
inflow velocity values were in range 2.09 and 2.93 m's™) of flow veloci-
ty and rate, the observed values of minor loss coefficient were nearly
constant, despite the increased turbulence intensity. The mean values of
modeled minor loss coefficient were equal to 0.92 and 0.23 for the tested
long elbow and full crossover, respectively.

The results of numerical modeling were validated by the compari-
son of calculated values of minor loss coefficients to values obtained by
the performed laboratory measurements. Table 3 presents the results of
model validation.
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Table 3.Validation results for developed numerical model
Tabela 3. Wyniki walidacji opracowanego modelu

Selected fittings | RSME | R* | NSE
90 deg long elbow | 0.03 | 0.97 | 0.978
Full crossover 0.02 10.79 1 0.798

The presented results of model validation, based on RSME, R’
and NSE calculations, showed a satisfactory and acceptable agreement
between the modeled and measured values.

4. Conclusions

The performed laboratory and modeling studies concerning the
water flow through DN 15x1 mm Cu 90° long elbow and full crossover
showed that values of pressure loss and coefficients of minor pressure
losses are in some part related to water flow rate and, as it could be ex-
pected, to Reynolds number. A clear decreasing relation between minor
loss coefficient and Reynolds number for approx. Re < 10 000 was ob-
served. Measured values of minor pressure loss for Reynolds number
within range 2000-10 000 decreased from 4.73 to 1.0 for long elbow and
from 4.59 to 0.79 for full crossover, respectively. Then, for Re > 10 000,
the values of determined coefficients of minor losses stabilized at the
level of approx. 0.92 for long elbow and 0.31 for full crossover and were
different than the values available in literature and designing guidelines.
The obtained results suggest that assumption of constant values of minor
loss coefficients for designing calculations for Re < 10 000 may result in
significant differences between the calculated and actual values of pres-
sure loss.

Results of our numerical studies confirmed a nearly constant val-
ue of minor pressure loss coefficient for significant values of flow veloci-
ty and flow rate, resulting in Re > 20 000. Thus, the increasing value of
pressure loss for tested fittings for high Re numbers is a result of an in-
creased turbulence intensity triggered by the increase of velocity of flow.

Validation of numerical modeling, based on the comparison of la-
boratory measurements and numerical modeling results and RSME,
R? and NSE calculations, showed a satisfactory agreement between the
modeled and measured values.
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Laboratoryjne i modelowe badania przeplywu wody przez
wybrane opory miejscowe na przewodach miedzianych

Streszczenie

Praca przedstawia badania laboratoryjne oraz analiz¢ numeryczng wa-
runkow przeplywu wody przez tuk 90° oraz odsadzke o $rednicy 15x1 mm wy-
konanych z miedzi i polaczonych z przewodem miedzianym za pomoca lutu
migkkiego. Badania laboratoryjne zrealizowano na specjalnie do tego celu wy-
konanym stanowisku laboratoryjnym przy natezeniu przeplywu wody z zakresu
100-1400 dm’/h. Badania modelowe przeprowadzono z wykorzystaniem ko-
mercyjnego pakietu obliczeniowego CFD Ansys Fluent. Wykonane wariantowe
badania modelowe obejmowaly obserwacje przestrzennego pola predkosci,
uktadu strug, rozktadu intensywnosci turbulencji oraz okreslenie straty ci$nienia
i wspotczynnika oporu miejscowego dla zmiennej liczby Reynoldsa. Przepro-
wadzono obliczenia numeryczne dla przeptywow o Re > 20 000, tj. dla natezen
przeptywu z zakresu 1000-1400 dm®/h. Wyniki badan laboratoryjnych wykaza-
ly wyrazna zalezno$¢ pomiedzy liczba Reynoldsa a zaobserwowanymi stratami
ci$nienia oraz wspotczynnikiem straty miejscowej dla badanych oporéw miej-
scowych. Analiza wynikow badan modelowych uwypuklita zaleznos¢ pomiedzy
wielkoS$cig straty ci$nienia a uktadem i osiaganymi warto§ciami predkosci prze-
ptywu oraz intensywnosci turbulencji dla zmiennej liczby Reynoldsa. Walidacja
modelu wykazata zadowalajaca zgodnos¢ wynikdéw symulacji z wynikami za-
obserwowanymi w czasie pomiaréw laboratoryjnych.

Stowa kluczowe:
tuk 90°, odsadzka, rury miedziane, straty miejscowe, modelowanie numeryczne

Keywords:
long elbow 90°, full crossover, copper pipes, minor pressure loss,
numerical modeling
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