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The use of orifices in measuring and regulating the discharge of Newtonian liquids from

tanks has been studied extensively. For non-Newtonian liquids, this is not the case mainly

due  to the complex rheological properties of such liquids. To date only circular orifices have

been  used to measure the flow of Power-Law liquids from a tank. In this work, a range of

non-Newtonian liquids flowing from a tank through different sizes of sharp crested circular,

square and triangular orifices have been tested. A rectangular tank suspended from a weigh-

bridge with a load cell was used and the orifices were fitted at the bottom of the tank for

the  discharge measurement. The rheological parameters of the test liquids were obtained

using a concentric cylinder viscometer. The liquids tested included Newtonian, Power-law,

Bingham and Herschel–Bulkley model liquids. The height-time data was transformed into

discharge coefficient (Cd)-Reynolds number (Re) format for each liquid-orifice combination

in  all cases. The average Cd value was 0.64 in the turbulent region. Each model liquid in the

laminar regime resulted in a unique relationship. Using an idea of an effective shear rate for

flow through the orifice, a new Reynolds number has been defined for the different liquids to

consolidate the Cd-Re relationship to the Newtonian liquid curve. A single composite model
was  used to predict the relationship between Cd and Re for all liquids-orifices combinations

used in this work. This can be used in the engineering designs and processes.

©  2020 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
1.  Introduction

Non-Newtonian liquids have complex and very different flow char-

acteristics than that of simple Newtonian liquids like water and oil.

These characteristics depend on the size and distribution of particles,

concentration of the particles, size of the conduit, level of turbulence,

temperature and dynamic viscosity of the liquids (Abulnaga, 2002).

Most industrial processes consist of the elementary stage like storage

and transportation of such liquids from one point to another. Very little

work has been carried out on the measurement of the discharge of non-

Newtonian liquids out of tanks. Dziubinski and Marcinkowski (2006)

studied the flow from a tank using aqueous Carboxymethyl Cellu-
lose solution (Power-Law fluid) through circular orifices. They analysed

Newtonian liquids separately from non-Newtonian liquids; however,
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they did not use any yield stress liquids in their study. It is therefore

desirable to check if the accuracy of measuring the flow rate of New-

tonian and non-Newtonian liquids out of tanks through orifices for

different liquids and orifices can be better understood.

2.  Literature

A Newtonian liquid is characterised by a constant shear vis-
cosity in laminar flow and under incompressible conditions
(Myles, 2003; Chhabra and Richardson, 2008; Sochi, 2009). Non-
Newtonian liquids do not have a constant viscosity, or they
need a minimal external stress before they begin to shear
like a viscous liquid (Malkin and Isayev, 2006; Chhabra and
Richardson, 2008; Sochi, 2009). Such liquids are classified into

three categories and one of the groups is time-independent
liquids. If the viscosity of a liquid decreases with the increas-
ing shear rate, the liquid is defined as pseudoplastic and if

ier B.V. All rights reserved.



Chemical Engineering Research and D

Nomenclature

Symbol
A0 Area of the orifice (m2)
a1,b2, Constants in Eq. (14)
a2,b1 Constants in Eq. (15)
Bn Bingham number
c,d,t Constants in Eq. (13a,b)
Cd Coefficient of discharge
Cdpre Predicted coefficient of discharge
D Pipe diameter (m)
d Orifice diameter (m)
dh Orifice hydraulic diameter (m)
F Constant in Eqs. (12) and (16)
g Acceleration due to gravity (m/s2)
f1 Slope in the laminar flow
f2 Slope in the turbulent flow
h Fluid height above the orifice (m)
k Fluid consistency index (Pa s)
L Orifice thickness (m)
n Flow behaviour index
Q Flow rate at the orifice (m3/s)
Qpre Predicted flow rate (m3/s)
Re Reynolds number
ReGen Generalised Reynolds number (Eq. 6)
ReMR Metzner and Reed Reynolds number
ReNew New Reynolds number (Eq. 25)
Re2 Slatter and Lazarus Reynolds number (Eq. 8)
v Velocity (m/s)
� Fluid density (kg/m3)
� Shear stress (Pa)
�w Wall shear stress (Pa)
�y Yield stress (Pa)
�B

y Bingham yield stress (Pa)
� Viscosity (Pa s)
�B Bingham viscosity (Pa s)
�eff Effective viscosity (Pa s)
�̇ Shear rate (l/s)
�̇eff Effective shear rate (1/s)

t
y

t
l
a

�

p

�

P

�

v

� Constant in Eq. (28)

he liquid needs a threshold stress before flowing it is called a
ield stress liquid.

The Herschel–Bulkley model can be used for characterising
he non-Newtonian liquids for this class of non-Newtonian
iquid behaviour (Chhabra and Richardson, 2008). It is written
s

 = �y+k�̇
n

(1)

In the limit of n = 1, Eq. (1) reduces to the familiar Bingham
lastic model as

 = �y+k�̇
n

(2)

Similarly, in limit of �y = 0, Eq. (1) reduces to the familiar
ower-Law model as:

 = k �̇
n

(3)
Thus, depending upon the choice of a non-Newtonian
iscosity model, different dimensionless parameters emerge
esign 1 5 7 ( 2 0 2 0 ) 34–45 35

for a given application. In the present case of the discharge
through an orifice, the Bingham number as shown in Eq. (4),
expresses the viscoplastic characteristics of a non-Newtonian
liquid (Thompson and Soares, 2016).

Bn=
�B

yD

�Bv
(4)

Discharge coefficient (Cd) is expected to be a function of
Oldroyd Cd number (Od), Reynolds number (Re), Power-Law
index (n) for a given orifice, i.e.

Cd=f(Od, Re, n) (5)

The Reynolds number (Re) is a ratio of the inertial forces
to viscous forces. The generalised Reynolds number is given
which can be applied for any rheological viscosity model (only
influences the value of �w).

ReGen = 8�v2

�w
(6)

Thus, for instance the pipe Reynolds number for Newto-
nian liquids is expressed as:

Re=
�vD
�

(7)

For non-Newtonian liquids, there are different Reynolds
number definitions available in the literature, that have
been derived from the generalised Reynolds number and for
Herschel–Bulkley liquids it is defined as follows (Slatter and
Lazarus, 1993):

Re2 = 8�v2

�y+k
(

8v
D

)n (8)

In orifice flow it has been shown that the coefficient of the
discharge (Cd) value is a strong function of the Reynolds num-
ber, especially in the laminar flow regime (Joye and Barrett,
2003). An orifice Cd is a function of the orifice geometry, liquids
properties and flow characteristics. For turbulent flow 0.62 is
commonly used value for sharp crested orifices. But Spencer
(2013), suggested the discharge coefficient to vary in the range
0.60–0.64, in-line with the findings of Boss (1989) depending on
the orifice diameter. Prohask (2008), conducted experiments
that show the effect of orifice diameter on the discharge coef-
ficient. They concluded that the smaller the orifice diameter,
the higher the coefficient of discharge, and as the size of the
orifice increases, the coefficient of discharge decreases.

Orifice flow rate relation typically starts with the appli-
cation of the Bernoulli equation (Prohask, 2008) and the
theoretical velocity at the outlet is given as:

v=
√

2gh (9)

where h is the height of the liquid above the orifice. Eq. (9) rep-
resent the maximum theoretical discharge through the orifice.
Due to the end effects and non-uniformity effects, the actual
velocity is given as:

√

Vactual = Cd 2gh (10)

where Cd accounts for deviation from ideal condition,



36  Chemical Engineering Research and Design 1 5 7 ( 2 0 2 0 ) 34–45

n liq
Fig. 1 – Cd-Re relationship for Newtonian and non-Newtonia
and Lea, 1942).

and

Q1 = CdA0

√
2gh (11)

Swamee and Swamee (2010); Dziubinski and Marcinkowski
(2006); Della Valle et al. (2000) and Kiljanski (1993) have all
studied the flow rate measurement of highly viscous Newto-
nian liquids through circular sharp crested orifices from tanks.
Sharp crested orifices can have different aspect ratios which is
the length to diameter ratios (L/d) of the orifice. Marcinkowski
and Dziubinski (2004) and Dziubinski and Marcinkowski (2006)
studied the flow of non-Newtonian Power-Law liquids from
different diameter orifices. They used orifices with aspect
ratios 0, 0.35, 0.5, 0.75, 1 and 3 and diameters 5, 8,12.5 and 17
mm.  They tested different concentrations of CMC solutions
and the average Cd value was found to be 0.67 in the turbulent
region, which is slightly higher than the oft-quoted value of
0.62 in the context of Newtonian liquids. They established a
relationship between Cd values and ReMR, but argued that the
shear rate obtained from the discharge of orifices from tanks
is not given by 8v/d as it is for pipe flows. Therefore, the shear
rate for an orifice is postulated to be given by

�̇ = Fv
d

(12)

where F is a proportionality constant to reduce the non-
Newtonian Re to Newtonian conditions.

Limited experimental results for suspensions and polymer
solutions indicate that F ≤ 8, which is in agreement with the

study conducted by Della Valle et al. (2000), where suspensions
of delaminated kaolin clay mixed with polyethylene glycol
and water (non-Newtonian liquids) were tested. A round ori-
uids (Dziubinski and Marcinkowski (2006); Kiljanski, 1993

fice was fitted between two identical cylindrical tanks and the
measured pressure drop was used to calculate Re and the Euler
number (Eu). The value of the factor F was not given in the
studies of Dziubinski and Marcinkowski (2006) and Della Valle
et al. (2000). Kiljanski (1993) studied the discharge of highly
viscous Newtonian liquids through orifices with aspect ratios
of 0, 0.5 and 1 from the bottom of a tank. They measured the
discharge rate under a constant head for a given time. Brater
et al. (1996) re-analysed the Lea (1942) results where they mea-
sured the discharge of highly viscous Newtonian liquids from
a tank using orifices. The Dziubinski and Marcinkowski (2006);
Kiljanski (1993) and Lea (1942) results for L/d of 0 are shown in
Fig. 1. The Newtonian liquids’ Cd values from the Dziubinski
and Marcinkowski (2006) results are at lower Reynolds num-
bers as compared to the Kiljanski (1993) values. This might be
because of the size of orifice used and difference in experi-
mental set-up.

The flow rate measurement of water through sharp crested
circular and square orifices with the same hydraulic diame-
ters was conducted by Smith (1886) and presented by Brater
et al. (1996). The geometry of the orifices did not seem to
affect the flow and the Cd values of the orifices. Some stud-
ies through different shapes of orifices have been reported for
flow in pipes, and for Newtonian liquids. Circular and square
orifices with the same flow area had the same Cd values, but
the triangular orifice had a much higher Cd value (Novak and
Koza, 2013). Research by Elsaey et al. (2014); van Melick and
Geurts (2013) and El-Azm et al. (2010) analysed the pressure
drop versus Re for flow through circular, square and triangu-

lar orifices. In laminar flow the pressure drop was higher for
square and triangular orifices, but in turbulent flow the cir-
cular orifice had higher pressure drops (Elsaey et al., 2014;
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Fig. 2 – A rectangular tank supported by steel frame.

Fig. 3 – load cell.
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an Melick and Geurts, 2013). El-Azm et al. (2010) however
stablished the same pressure drop for triangular and circu-
ar orifices. These studies through different shapes of orifices
ere all done in pipes, and for Newtonian fluids.

.  Method

he test rig used in this work consists of a square tank (400 ×
00 × 600 mm and weighing 42.1 kg) fitted with an orifice plate
t the bottom (Fig. 2). A load cell attached to the tank by steel
rames was used to measure the discharge rate (Fig. 3). Four
ifferent sizes of sharp crested square, triangular and circu-

ar orifices with 8 mm,  12 mm,  16 mm and 20 mm hydraulic
iameters and L/d ratio of 0 were used as shown in Fig. 4. The

rifices were made of polyvinyl chloride (PVC). The tests were
one in batch mode where the tank was filled and emptied
hrough the orifices. The change in voltage with time for the
esign 1 5 7 ( 2 0 2 0 ) 34–45 37

load cell was recorded during the discharge of the liquids. The
voltage was converted to weight from which the liquid height
could be calculated as a function of time and a height versus
time graph was produced. A second order polynomial was fit-
ted to the data and its slope gave the value of dh/dt, i.e. velocity
as a function of liquid height above the orifice. Its derivative
was used to compute the discharge at any time. The Cd values
were calculated using Eq. (10).

The shear rate calculated from the flow rate measurement
through the orifices ranged between ±200 s−1 and ±2600 s−1.
The shear rate range used for rheological tests varied from 100
s−1 to 1000 s−1, to correspond with the application shear rate
obtained from flow through the orifices. The measurements
for the shear rates that were less than 100 s−1 were unstable
and the shear rates greater than 1000 s−1 were in the turbulent
region for the cup and bob geometry used in the rheometer.

Rheological characterisation (shear stress, shear rate and
normal stresses) of the test liquids were carried out at the
same temperature as that which was encountered in the flow
test rig. A Paar Physica MCR 300 rheometer was used to deter-
mine the rheological properties of the liquids. The measuring
bob and a cup with diameters 13.33 mm and 14.46 mm respec-
tively were used to conduct the test. The measuring gap was
1.13 mm.  The liquids’ physical and rheological properties are
reported in Table 1.

Water was used as the Newtonian liquid to calibrate the
orifices. Different concentrations of glycerine, Carboxmethyl
Cellullose (CMC) solutions and kaolin and bentonite sus-
pensions were prepared and used as test liquids in this
study. Glycerine was mixed with water to form a glycerine
solution and immediately tested to avoid water absorption.
CMC, kaolin and bentonite are in powder form and their
required amounts were mixed with water to form liquid
suspensions. The kaolin suspension was given three days
to hydrate. Bentonite suspensions and CMC solutions were
allowed to homogenously mix  for five days. An electric mixer
was attached to the mixing tank to stir the liquids continu-
ously. The liquids were mixed before being transferred to the
tank. Each liquid was allowed to flow through the tank at least
twice before the data was collected. The liquid temperature
was recorded before and after the flow rate tests. Samples of
the test liquids were stored in a water-tight container before
and after the flow rate test, in order to carry out the relative
density and rheology tests.

Eqs. (7) and (8) were used to calculate the respective
Reynolds numbers. The hydraulic diameter was used in the
definition of the Re. The relationship between Cd values and
Reynolds numbers was determined.

A composite curve fitting procedure was used to predict
the model that is used to express the discharge of Newto-
nian and non-Newtonian liquids through orifices from a tank.
The composite curve fitting has been used in the literature
amongst others by Garcia et al. (2003); Haldenwang et al. (2012);
Khahledi et al. (2014) to predict the range of f-Re and Cd-Re
relationship for different multiphase liquids in pipes and flow
through weirs. This method is described in detail by Patankar
et al. (2002). The curve is fitted by a composite power-law cor-
relation as shown in Eq. (13a).
Cd = f2 + (f1 − f2)(
1+

(
Re
t

)c
)d

(13a)
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Fig. 4 – Square, triangular and circular orifices geometry.

Table 1 – Rheological parameters of the test liquids.

Fluid Conc. Density k n �y � �̇ from the orifice Temp.
% kg/m3 Pa sn Pa Pa s s−1 oC

Kaolin
v/v

20.3 1336 3.98 0.36 39.4 – 541–2318 16
13.1 1217 0.067 0.72 8.9 – 821–2294 18

CMC
w/w

7.55 1043 2.39 0.64 – – 416–2276 18
6.58 1037 0.882 0.70 – – 527–2382 18
5.21 1029 0.206 0.79 – – 563–2518 18
2.81 1016 0.017 0.97 – – 508–2487 18
2.40 1014 0.006 1.00 – – 605–2606 25

Bentonite
w/w

7.3 1046 0.021 1.00 30.5 – 21
6.99 1044 0.014 1.00 15.7 – 653–2606 17
3.77 1023 0.006 1.00 1.13 – 574–2571 18

Glycerine
v/v

100 1258 – – – 0.973 212–1870 18
96 1248 – – – 0.304 467–1786 19
93 1242 – – – 0.129 435–1756 17

65 1179 – – 

where f1 (Eq. 14) is fitted in the laminar region to obtain a1 and
b1.

f1 = a1Reb1 (14)

Similarly, f2 (Eq. 15) is fitted in the turbulent region to deter-
mine a2 and b2.

f2 = a2Reb2 (15)

Eq. (13a) is then fitted to all the data points to determine
parameters c, d and t. The non-linear optimisation method of
Microsoft excel solver minimising the residual mean square
of the predicted values is used to obtain the parameters of the
composite equation.

4.  Results  and  discussion

Calibration results for circular, square and triangular orifices
are shown in Fig. 5. The average Cd values for these orifices
is 0.62 which agrees with the average Cd values reported by
Dziubinski and Marcinkowski (2006) for flow through sharp
crested circular orifices from tanks. The Cd values obtained
for these orifices are within ±4% compared to the average Cd

value of 0.62. It can therefore be concluded that the various
shapes of the orifices with the same hydraulic diameter do
not affect the flow rate in the turbulent region.

The Reynolds number and Cd values for circular, square

and triangular orifices for all the liquids are plotted in Fig. 6.
The Cd values for non-Newtonian liquids in the turbulent
region coincide with the Newtonian Cd values. Therefore,
– 0.019 515–2406 18

the average Cd values for all the orifices and liquids in the
turbulent region is approximately 0.64 which is at slight
variance with the value of 0.67 reported by Dziubinski and
Marcinkowski (2006) for non-Newtonian liquids. However,
their results correspond to orifices with different L/d ratios.
In the laminar flow region, the Re-values for Newtonian
liquids start at lower values than the non-Newtonian liq-
uids’ Re-values and the Dziubinski and Marcinkowski (2006)
results show a similar trend. Non-Newtonian liquids have
different flow behaviour than Newtonian liquids because of
their different liquid properties. Each liquid model (Power-
Law, Herschel–Bulkley and Bingham) exhibits a different flow
behaviour in the laminar region. The Re values for glycerine
start from Re = 10, CMC  solution from Re = 70, kaolin sus-
pension from Re = 200 and bentonite suspension from Re =
400. This shows the effect of yield stress and viscosity of the
non-Newtonian liquids.

Fig. 7 shows a comparison between the current study and
that of others including Dziubinski and Marcinkowski (2006);
Kiljanski (1993) and Lea (1942). Each study is seen to have its
own curve, thus each orifice should be calibrated and ana-
lysed as per calibration results which makes it cumbersome
for engineering design purposes. Fester et al. (2008) demon-
strated, albeit for pressure loss coefficients in sudden pipe
contractions, that this difficulty can be overcome by ade-
quately accounting for the viscous properties of the liquids
in the Reynolds number. However, Fig. 7 clearly shows that
the use of the generalised Reynolds number utilising 8v/D as
the effective shear rate, fails to do the same in the case of

the discharge coefficient for gravitational flows  from tanks in
laminar flow. A new Reynolds number to account for the effec-
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Fig. 5 – Calibration results for circular, square and triangular orifices.

Fig. 6 – Cd-Re relationship for Newtonian and non-Newtonian liquids for circular, square and triangular orifices.
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for L
Fig. 7 – Cd vs Re for Newtonian and non-Newtonian liquids 

Kiljanski, 1993; Lea, 1942).

tive shear rate as postulated by Marcinkowski and Dziubinski
(2004) and the incorporation of the yield stress is given below.

5.  Model  prediction

Marcinkowski and Dziubinski (2004) and Della Valle et al.
(2000) indicated that the average shear rate calculated from
the discharge of orifices from tanks is not given by 8v/d, though
it is expected to be proportional to v/d. Hence one can postu-
late that the average shear rate �̇ is given by:

�̇eff. =
Fv
d

(16)

where F is constant which is smaller than 8, the value for flow
in a tube.

Therefore, the effective viscosity of the liquid would be
given as:

�eff = �

�̇eff
(17)

Substituting the effective shear rate in Herschel–Bulkley
liquid model the shear stress is given as:

� = �y+k�̇
n
eff (18)

Combining Eqs. (17) and (18)

�eff =
�y+k�̇

n
eff

�̇eff

(19)

Thus
�eff =
�y+k

[
Fv
d

]n

Fv
d

(20)
/d of 0 (this work, Dziubinski and Marcinkowski, 2006;

or

�eff=k
(

Fv
d

)n-1
[

�y

k
(

Fv
d

)n +1

]
(21)

But the Bingham number is given as:

Bn=
�B

yD

�Bv
= �y

k
(

Fv
d

)n (22)

Therefore

�eff=k
(

Fv
d

)n-1

[1+Bn] (23)

The substitution of effective viscosity in the definition of
Re is given as:

Re=
�vd
�

= �vd
�eff

= �vd

k
(

Fv
d

)n-1
(1+Bn)

= �v2-ndn

kFn-1 (1+Bn)
(24)

Therefore, the interim Re is:

Re(new) = �v2-ndn

kFn-1 (1+Bn)
(25)

For the Bingham Model: n = 1
For the Power law model: Bn = 0
And for Newtonian fluids: n = 1
In order to determine the value of F, composite curve fitting

(Eq. (13b)) as described by Patankar et al. (2002) was used to
predict the fit for Newtonian liquids.
Cd = f2 + (f1 − f2)(
1+

(
Re
t

)c
)d

(13b)
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Fig. 8 – Cd(actual) and Cd(pred) versus Reynolds numbers.

Fig. 9 – Cd(pred) versus Cd(actual).
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 Q(ac
Fig. 10 – Q(pred) versus

This fitting was applied to all the orifice shape results. f1

for circular, square and triangular orifices was found to be
0.083Re◦·49 and f2 was 0.62. Eq. (13b) was optimised and the
values obtained for t, c and d were 50, 1.26 and 1.43 respec-
tively.

Therefore, the predicted Cd value for Newtonian liquids for
circular, square and triangular orifices is as shown in Eq. (26).

Cd=0.62+

(
0.083Re0.49-0.62

)
(

1+
(

Re
50

)1.26
)1.43

(26)

The new Reynolds number (Renew) Eq. (27) was calculated
for Power law liquids in the laminar flow for each orifice shape.

Re(new-PL) = �v2-ndhn

kFn-1
(27)

The Newtonian predicted Cd in Eq. (26), was used to calcu-
late the predicted Cd values for CMC  solutions using the new
Reynolds number (Eq. (27)). The values of F were determined
by the optimisation for CMC  solution in the laminar region for
each orifice shape. The average F value for circular, square and
triangular orifices and for all power-law liquids, was found to

be 0.3.

The Renew values for all the liquids were calculated using
the F value of 0.3. The Herschel–Bulkley liquids were adjusted
tual) for laminar flow.

by the factor (�) to adjust the Re to Newtonian liquids as illus-
trated in Eq. (28).

Re(new-HB) = �v2-ndhn

kFn-1 (1 + ˛Bn)
(28)

A Newtonian composite curve fitting was applied to kaolin
suspensions and the value of � was determined by the opti-
misation for all the orifice shapes. The average factor (˛) of 0.2
was obtained for circular, square and triangular orifices.

The new Reynolds numbers were calculated for all non-
Newtonian liquids using the following established Renew

equations:
For the Herschel–Bulkley model:

Re(new-HB) = �v2-ndhn

k0.3n-1 (1+0.2Bn)
(29)

For the Bingham model:

Re(new-BP) = �vdh
k (1+Bn)

(30)

where Bn is:

Bn=
�y

k
(

0.3v
dh

)n (31)

For the Power-Law model:
Re(new-PL) = �v2-ndhn

k0.3n-1
(32)
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Fig. 11 – Q(predl) versus

The new fitting curve was established by applying a sin-
le composite equation to all the orifices data using the new
eynolds number values for non-Newtonian liquids. The val-
es of f1 and f2 became 0.057Re◦·58 and 0.61 respectively. After
he non-linear optimisation method minimising the residual

ean square of the single composite equation, the actual Cd

nd predicted Cd values versus Reynolds number curve was
lotted (Fig. 8) and the combined Cd equation for circular,
quare and triangular orifices was established (Eq. 33). 98% of
he actual Cd values are within a ±10% range when compared
o the predicted Cd values (Fig. 9). Eq. (33) is applicable for the
ollowing range of conditions: 8 mm < d < 20 mm,  0 < L/d <
.125 and 10 < Re < 65000.

d(pred)=0.61+

(
0.057Re0.58-0.61

)
(

1+
(

Re
80

)0.758
)1.98

(33)

The predicted flow rate is expressed in Eq. (34). The error
argins between the actual and predicted discharge for lam-

nar, transition and turbulent flows are at ±7%, ±5% and ±2%
espectively as shown in Figs. 10–12.

1 = Cd(pred)A0

√
2gh (34)
This equation is applicable to orifices with an L/d of 0 fitted
t the bottom of the tank and for a Reynolds number range
rom 10 to 100 000.
ual) for transition flow.

6.  Conclusions

The calibration results for all the orifices indicated that dif-
ferent shapes of orifices with equal hydraulic diameters do
not have an effect in the discharge. Highly viscous Newtonian
liquids and non-Newtonian liquids were tested. The rheolog-
ical parameters of the liquids were determined and used to
determine the Reynolds number. The Cd-Re relationship was
established for all the liquids. It was found that each liquid
model had its own flow trend with Newtonian liquids Re start-
ing from Re = 10, power-law from Re = 70, Herschel–Bulkley
from Re = 200 and Bingham from Re = 400. The new Reynolds
number equations were derived acknowledging that the shear
rate is not 8v/d as indicated by Marcinkowski and Dziubinski
(2004) and Della Valle et al. (2000). A single composite equation
was applied to the data obtained for the Newtonian liquids for
each orifice shape. The equation was used to determine the
constants (F and �) which were used to calculate the new Re for
non-Newtonian liquids for gravitational flow through orifice
plates from the bottom of a tank. A single composite equation
was applied to all the data for all the liquids and orifices (Cd

values and Re values for Newtonian liquids and new Re val-
ues for non-Newtonian liquids). The Cd versus Re laminar flow
relationship yielded 0.068Re0.55 and the average Cd value in the
turbulent flow was found to be 0.61. The predicted Cd equation
was established, and a new discharge equation derived. This
equation can be used in process engineering and design for
flow of non-Newtonian liquids through sharp crested orifices.
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