
= + + 

chemical engineering research and design  8 7  ( 2 0 0 9 ) 291 297 

 

 

 

 

 

 

 

 
 

 

Short communication 

Dynamic similarity for non-Newtonian fluids 

in globe valves 

V.G. Fester ∗, P.T. Slatter 

Institute of Material Science and Technology, Cape Peninsula University of Technology, PO Box 652, 

Western Cape, Cape Town 8000, South Africa 

 
 

 

a  b  s  t  r  a  c  t   
 

 

Previous experimental work in globe valves has mainly been conducted over a narrow range of laminar or turbulent 

flow. The work available in laminar flow has not been conducted in geometrically similar valves, hence dynamic 

similarity could not be established a critical precursor to practical engineering hydraulic design. 

In this work various Newtonian and non-Newtonian fluids, including viscoplastic fluids, were tested in three globe 

valves (with circular plug disk) of 15 mm, 25 mm and 40 mm nominal diameters on a Balanced Beam Tube Viscometer 

(BBTV). 

A single constant was obtained in laminar flow to determine the loss coefficient for all the sizes of valves and types 

of fluids tested in the valve, indicating that dynamic similarity had been achieved. Consequently a correlation could 

be developed to determine the loss coefficient in globe valves in both the fully open and half open positions. Dynamic 

similarity was obtained using a Reynolds number that accounted for the fluid rheology, specifically the yield stress. 
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1. Introduction 

 
Valves form an integral part of pipe systems as they enable 

opening, closing, diverting, mixing or partially  obstruct- 

ing  of  the  flow  passage  (Whitehouse,  1993).  This  paper 

 

Most studies to date have found that the loss coefficient is 

independent of the Reynolds number in turbulent flow, but 

in laminar flow the loss coefficient increases with decreasing 

Reynolds number (Edwards et al., 1985) 

 
Cvalve 

will be concerned only with regulating (throttling) valves. 

A regulating (throttling) valve is a valve designed for use 
kvalve  = 

Rex
 

(2) 

in all positions between fully open and fully closed, e.g. 

globe, diaphragm, pinch and segmented ball (Alderman and 

Heywood, 1996). Flow behaviour through a valve is not yet 

understood and the information available relies heavily on 

experimental results (Bandyopadhyay and Das, 2007). The 

head loss in a valve, hv, can be expressed in terms of the 

velocity energy head and the loss coefficient of the valve, kv, 

where Cv is the laminar flow loss coefficient constant and is a 

characteristic of a specific valve including its dimensions, and 

x is an empirical exponent. Hooper (1981) presented a two-k 

model to predict loss coefficients in laminar, transitional and 

turbulent flow. He also included a scaling factor for different 

size valves 

is given by 
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(3) 
ID 

kv = hv 

V2 
= 

(1/2)pv2 
(1) where ID is the internal diameter of the attached pipe in 

inches. 
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stood, and experimental validation needs to be established 

before any further understanding can be attempted. 

This work will therefore not only present data for geomet- 

rically similar globe valves, but will also extend the work to 

fluids with a yield stress and the application of a Reynolds 

number that specifically accounts for the yield stress in order 

to establish dynamic similarity for globe valves. Slatter (1996) 

developed a Reynolds number for the flow of Herschel Bulkley 

model fluids which is based on the exclusion of the part of 

the volumetric flow rate attributable to the unsheared plug 

of material present in the middle of the pipe (Chhabra and 

Richardson, 1999): 

 
8 V2 

Re3 = 
ann 

 y  + K(8Vann/Dshear)
n

 

(5) 

 

where  
Q − Qplug 

Vann  =   
(R2 −  

2 
plug 

and  Dshear  = 2(R − Rplug) 

Limited and inconsistent design data, as given in Table 1, 

inevitably leads to conservative and inefficient engineering 

design. Since laminar flow is becoming more common in many 

industries (Bandyopadhyay and Das, 2007), it is essential to 

begin the task of establishing dynamic similarity for pipe fit- 

tings such as globe valves. This will not only provide a rational 

basis for efficient practical design, but also provide a foun- 

dation for further investigation and the development of a 

theoretical basis for the analysis of flow dynamics in complex 

geometries. 

 

2. Experimental  investigation 

 
Two globe valves were tested in the fully open and half open 

positions. The valves (15 mm and 25 mm) were tested on the 

Balanced Beam Tube Viscometer (BBTV) (Slatter et al., 1997) 

where the total pressure drop was measured 50 diameters 

upstream and 50 diameters downstream of the valve. Some 

preliminary results on a 40 mm valve are also shown in this 

work. 
 

 

Banerjee et al. (1994) presented correlations for the flow 

of shear-thinning fluids through a fully and partially open 

12.7 mm globe valve 

 

kvalve  = 16.532 Re−0.061    −0.797 (4) 

 
where    is the ratio of the actual valve opening to the fully 

opened valve. 

Edwards et al. (1985) showed that the generalised Reynolds 

number can be used to establish dynamic similarity for both 

Newtonian and power-law fluids in two geometrically similar 

fully open gate valves. This could not be obtained for the globe 

valves, since geometric similarity was not achieved. Turian et 

al. (1998) presented experimental data for the flow of shear- 

thinning and yield pseudoplastic fluids through a globe valve 

but data was only obtained in turbulent flow. 

Uncertainties exist regarding  the  results  obtained.  This 

is especially true for the laminar to turbulent transition as 

Edwards et al. (1985) quoted a critical ReMR of 12 for globe 

valves and 900 for an elbow, clearly demonstrating the effect 

that the valve geometry has on the loss coefficient. Criteria 

surrounding the critical Reynolds number are not well under- 

2.1. The test valves 

 
The bronze globe valves tested in this work are ideal for rigor- 

ous throttling, regulating and on/off duties at high pressures 

and temperatures and find applications in a variety of indus- 

tries. They have a nickel alloy plug disk with a 13% chromium 

steel seat ring. A section through the valve as well as the 

dimensions and masses of the two valves tested are given in 

Fig. 1. Details of the valve are provided for future comparison, 

as the lack of details of the valves and other fittings tested 

in the literature is often an obstacle to direct comparisons 

and hampers progress in providing appropriate information 

to design engineers. 

 
2.2. Balanced Beam Tube Viscometer 

 
2.2.1. Principle of operation 

The BBTV is a device used for measuring the flow character- 

istics of fluids. It is not only a viscometer, but also a small 

pipeline system, which can be used for determining losses in 

a pipe section due to valves. A schematic diagram of the BBTV 

is shown in Fig. 2. The instrument consists of two 220 l pres- 

sure vessels which are situated at each end of a steel I-beam. 

Nomenclature 
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x 

z 

laminar flow valve loss coefficient constant 

internal pipe diameter (m) 

characteristic dimension representing the zone 

in which shearing of a fluid with a yield stress 

takes place in a pipe (m) 

Fanning friction factor 

gravitational acceleration (m/s2) 

head (m) 

head loss in the valve (m) 

valve loss coefficient 

turbulent flow valve loss coefficient 

consistency  index  for  non-Newtonian  slurry 

(Pa sn) 

pipe length (m) 

flow behaviour index for non-Newtonian slurry 

pressure (Pa) 

pressure loss across valve (Pa) 

Reynolds number 

Metzner Reed Reynolds number for pseudo- 

plastic fluids 

Newtonian Reynolds number 

Slatter Reynolds number for yield pseudoplas- 

tic and Bingham plastic fluids 

average velocity (m/s) 

average velocity in annulus where shearing of 

a fluid with a yield stress takes place in a pipe 

(m/s) 

exponent used in Eq. (3) 

elevation (m) 

Greek symbols 

˛ 

  

  

 
  

 y 

kinetic energy correction factor 

viscosity (Pa s) 

ratio of the actual valve opening to the fully 

opened valve 

density (kg/m3) 

yield stress (Pa) 
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Fig. 1 – Section through test valve, dimensions and mass. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
that problems and errors inherent to the calibration and use 

of a secondary transducer such as a magnetic flux flow meter 

are eliminated (Heywood et al., 1993). Another advantage is 

that there is no quantitative limitation on the flow rates that 

can be measured. The pressure drop across a known length of 

pipe is measured using a differential pressure transducer (DP 

cell). The load cell can handle 2500 N with an output of 0 15 V. 

The DP cells have an accuracy of 0.25% and a maximum range 

of 200 kPa. Fig. 3 shows graphs with typical output to obtain 

velocity and pressure drop from the BBTV. 

 
2.2.2. Associated errors 

Errors are usually assumed to be randomly distributed follow- 

ing the Gaussian distribution and can be quantified using the 

procedure recommended by Brinkworth (1968). The highest 

expected error can be determined using a root mean square 

approach and the highest expected error X can be calculated 

from 

The pressure vessels are approximately 7 m apart. The steel 2 2 2 2 

beam is supported at mid span on a knife-edge fulcrum, and   
 X 

  

=         
∂X      N        N 

  (6) 
X 

there is a load cell which fixes the beam beneath the left-hand 
∂N X N 

vessel. The vessels are connected with transparent pipes of 

16 mm, 28 mm and 42 mm. Compressed air is used to force the 

slurry from one vessel to the other, through a selected pipe, at a 

controlled rate. The receiving vessel is opened to atmosphere. 

A data acquisition unit is used to process the collected 

information of each test run. A test run is defined as the col- 

lection of a set of force, time and pressure readings. These 

are transformed into a single coordinate of velocity (V) and 

pressure difference (  p). The load cell output is logged at reg- 

ular time intervals and the average fluid velocity is obtained 

from the mass transfer rate. By using first principles the flow 

rate of the fluid in a selected pipe can be measured by lit- 

erally weighing the fluid transported through the pipe over 

a given time interval. The first advantage of this method is 

This error analysis has been used to quantify the errors for 

pipe diameter, wall shear stress and pseudo-shear rate and is 

presented in Table 2. 

 
2.2.3. Materials tested 

Test fluids were chosen to enable determination of loss coef- 

ficients in laminar, transitional and turbulent flow, as well as 

for fluids with different rheological character. The test fluids 

were water, 99% (v/v), 75% (v/v) and 65% (v/v) glycerol solu- 

tions, 5% (w/w) and 8% (w/w) carboxymethylcellulose (CMC) 

and kaolin slurry of 7% (v/v) and 10% (v/v). The more viscous 

fluids enable measurement of the loss coefficient in laminar 

flow and turbulent flow is achieved as the viscous properties of 

the fluids decrease. CMC represents fluids with pseudoplastic 

 

 
 

Fig. 2 – Schematic diagram of the BBTV. 

Table 1 – Summary of loss coefficient data in the literatu re. 

Type Fluid Setting Cvalve x kvturbulent Authors 

Globe valve Newtonian Full open 1500 1 4 Hooper (1981) 

Globe valve Newtonian Full open   10 McNeil (2000) 

Globe: 1 in. CMC solutions Full open 1460 1 122 Edwards et al. (1985) 

Globe: 1 in. Oil-in-water emulsions Full open 62 0.53 7.8 Pal and Hwang (1999) 

Globe: 1 in. O/W emulsions Half open 169 0.53 14.7 Pal and Hwang (1999) 

Globe: 1 in. Laterite slurries Full open   10 Turian et al. (1998) 

Globe: 1 in. SCMC (sodium salt of Full open   10 Bandyopadhyay and Das (2007) 

 carboxy methyl      
 cellulose)      
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Fig. 3 –  Typical output graphs from BBTV. 

 

Table 2 – Highest expected errors in the BBTV.  

Pipe (mm) Diameter error (%) Shear rate error (%) Shear stress error (%) 

46.04 0.0026 1.47 0.882 

28.17 0.0026 1.46 0.803 

13.12 0.0034 1.46 0.803 

 

behaviour and kaolin represents Herschel Bulkley behaviour 

which is common for mineral tailings. The rheological param- 

eters were obtained using tube viscometry. These tests were 

done  daily  to  account  for  the  changes  in  the  rheological 

The loss coefficient of the valve kv is given by 

 
k  = 2ghv valve

  V2 

 

 
 

(11) 

behaviour of the fluids especially in the case of the glycerol 

solutions that are sensitive to changes in temperature. Typ- 

ical rheological parameters for the fluids tested are given in 

Table 3. 

 
2.2.4. Analysis of BBTV results 

The total pressure drop was measured across the valve. The 

procedure to calculate the loss coefficient using an energy bal- 

ance was as follows: 

In turbulent flow the loss coefficient is independent of the 

Reynolds number, but in laminar flow a hyperbolic relation- 

ship exists between the loss coefficient and the Reynolds 

number (Edwards et al., 1985): 

 

Cvalve = kvalve Re (12) 

 

where Cvalve is a characteristic of a specific valve including 

its dimensions (Edwards et al., 1985). The laminar flow loss 

coefficients were evaluated using the logarithmic least square 
p1  

+ ̨  V2 1  
+ z = 

p2  
+ ̨  V2 2  

+ z +      h (7) error equation: 

 g 

 

where 

1 
2g 

1 
g 2 2g 2 L  

Ec =        ln 

 
Cvalve 

Re 

 
— ln kvalve obs

 

 

 
 

(13) 

   
hL = hupstream + hdownstream + hfitting (8) 

 
To determine the pumping head of a pipeline system, one 

needs an estimate of the frictional losses in the straight pipes 

and the losses caused by the various fittings (Massey, 1970): 

 
4fLV2 

Ec is minimised to obtain a value for Cvalve in each case. A loss 

coefficient constant was then calculated for each valve in the 

full open and half open position for all the fluids tested. Fig. 4 

shows typical data of pressure drop data for various types of 

fluids obtained in the 25 mm globe valve. 

 

3. Results and discussion 

hs = 
 

 

D2g 

(9) 3.1. Laminar-to-turbulent transition 

 
The head loss in a valve can be determined using the Bernoulli 

equation and can be expressed in terms of the velocity energy 

head (Edwards et al., 1985). 

 

V2 

hv = kvalve 
2g 

(10) 

Work presented in this section shows that an understanding 

of the transitional behaviour from laminar to turbulent flow in 

a valve is a critical precursor to developing empirical predic- 

tive equations for head losses. This section will show results 

obtained in both gate and globe valves because there is so little 

information available in the literature to evaluate this critical 

issue. The transition from laminar to turbulent flow is not pre- 
 

Table 3 – Typical rheological parameters of the fluids tested.  

Fluid   (kg/m3)   (Pa s) K′ (Pa sn) n′  y (Pa) K (Pa sn) n r2 

Glycerol 99% 1266 1.264      0.996 

Glycerol 85% 1225 0.080      0.996 

Glycerol 65% 1178 0.012      0.996 

CMC 8% 1046  7.190 0.557    0.982 

CMC 5% 1028  1.947 0.631    0.998 

Kaolin 10% 1157    26.800 0.355 0.561 0.965 

Kaolin 7% 1124    6.300 0.198 0.554 0.973 

2 
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Fig. 4 – Typical output graphs from BBTV when testing the 

25 mm globe valve. 

 

 
 

Fig. 5 –  Transitional behaviour in valves. 

 
 

cise for valves, but it is the region in which the loss coefficient 

starts to deviate from the trend of being inversely proportional 

to the Reynolds number to where it becomes independent of 

the Reynolds number. The critical Reynolds number is also 

often taken as the intersection of the laminar flow line and 

turbulent flow line (Ma, 1987) as shown in Fig. 5. This Reynolds 

number is denoted by Recrit. 

Experimental results of the Reynolds number at which the 

flow changes from laminar to turbulent flow, Recrit, as given 

by the researchers are listed in Table 4. Kittredge and Rowley 

(1957) tested Newtonian fluids only and used the Newtonian 

The discrepancies shown in Table 4 are not clearly under- 

stood. Kittredge and Rowley (1957) and Banerjee et al. (1994) 

obtained similar Recrit values for 15 mm globe valves. The 

Recrit values obtained by Edwards et al. (1985) for 25.4 mm and 

50.8 mm globe valves and Pal and Hwang (1999) for 27.2 mm 

globe valve were approximately 30 times lower than those 

obtained by Kittredge and Rowley (1957). These observations 

suggest Recrit is a function of the valve size, but on further 

investigation, it appears that test work carried out at Re < 10 

led to lower values for Recrit than those obtained from test 

work at Re > 10. Kimura et al. (1995) supported this observation 

and referred to the 1 < Re < 10 region where the loss coefficient 

is inversely proportional to the Reynolds number as the region 

of Stokes flow. Another factor affecting the value of Recrit could 

be in the author definition of Recrit. Ma (1987) determined the 

laminar-to-turbulent transition as the intersection between 

the laminar and turbulent flow lines, resulting in much higher 

values for Recrit than those defined at the point where the devi- 

ation from the laminar flow line starts such as Edwards et al. 

(1985). 

A further problem is that some researchers did not investi- 

gate at Re < 100. There is much experimental evidence that the 

transition takes place at Re < 100 (Edwards et al., 1985; Pal and 

Hwang, 1999). Ma (1987) and Banerjee et al. (1994) in their test 

work with gate valves only started testing at Re = 100. In order 

to ensure that the best value of Recrit is obtained, their work 

should have gone down to at least two orders of magnitude of 

Re below their minimum values. 

The differences in Recrit clearly stem from both the differ- 

ences in the type and size of the valve, the range of Reynolds 

numbers tested, and the different bases for defining Recrit. 

 
3.2. Loss coefficient data obtained in this work 

 
Fig. 5 shows the loss coefficient data obtained for the fully 

open 25 mm globe valve as a function of the Reynolds num- 

ber. A wide range of Reynolds numbers (0.1 300,000) could be 

obtained due to the BBTV’s measuring principle of the flow 

rate. The use of the Slatter Reynolds number proved to be 

able to bring all the different types of fluids together as the 

generalised Reynolds number did when applied for power-law 

fluids. The data can be described by Eq. (7): 

 
700 ± 140 

Reynolds number. Edwards et al. (1985) tested both Newto- 

nian and non-Newtonian fluids and reported that by using 

kvalve  = + 12 ± 3 (14) 
Re 

the appropriate Reynolds number for the specific fluid, the 

loss coefficient data collapsed onto the same line. They used 

the Newtonian Reynolds number for Newtonian fluids and the 

Metzner Reed Reynolds number for the shear-thinning fluids. 

Ma (1987), Pal and Hwang (1999) and Banerjee et al. (1994) used 

the Metzner Reed Reynolds number, ReMR, as their test fluids 

were regarded as shear-thinning. 

The Cvalve value provided by Hooper (1981) was almost double 

of that achieved in this work in laminar flow. The turbulent 

loss coefficient obtained using Hooper (1981) was 8 and within 

the experimental error of this work obtained. In general, a 

kvalve value of 10 has been obtained for all types of fluids in a 

25 mm globe valves as can be seen in Table 1 and has been con- 

firmed by this work. Edwards et al. (1985) suggested Recrit = 12 
 

Table 4 – Laminar-to-turbulent transition for fluid flow through valves. 

Valve Range of Re tested Recrit References 

Globe, 1/2 in. (comp. disk) 20 30,000 350 Kittredge and Rowley (1957) 

Globe, 1 in. and 2 in. 0.1 500 12 Edwards et al. (1985) 

Globe, 1/2 in. 100 1600 450 Banerjee et al. (1994) 

Globe, 1 in. (27.18 mm) 8 100,000 30 Pal and Hwang (1999) 

Gate, 1 in. and 2 in. 0.1 300 130 Edwards et al. (1985) 

Gate, 1 in. 100 105 402 Ma (1987) 

Gate, 2 in. 100 105 1905 Ma (1987) 

Gate, 1/2 in. 100 1100 380 Banerjee et al. (1994) 
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valves at different openings. These have been compared with 

the data obtained in this work and a comparison is given in 

Fig. 8, clearly showing the discrepancies. Loss coefficients can 

be approximated for the half open valve by Eq. (15): 
 

 

kvalve  = 

1200 ± 140 
+ 23 ± 7 (15) 

Re 

 

 
 
 
 
 
 
 

Fig. 6 –  Loss coefficient data for 25 mm globe valve in the 

fully open position for various Newtonian and 

non-Newtonian fluids in laminar, transitional and 

turbulent flow. 

Discrepancies could have arisen because other workers were 

not able to  test at very  low flow rates.  It is important  to 

determine the laminar flow loss coefficient constant, Cv, at 

Reynolds numbers less than 10 before inertial forces start 

to dominate and turbulence is induced. Kimura et al. (1995) 

referred to the region where the loss coefficient is inversely 

proportional to the Reynolds number as the region of Stokes 

flow where <Re < 10. When models were developed with data 

that obtained a Reynolds numbers greater than 10, it often 

did not have a slope of −1. But as it is shown in Fig. 8, these 

models often under predict loss coefficients at lower Reynolds 

numbers by orders of magnitude. 

From the results it is clear that the size of the valve does 

not affect the loss coefficient since dynamic similarity is estab- 

lished, only the percentage opening of the valve. The results 

for fully open and half open globe valves can therefore be 

determined from the following equation: 
 

 

kv = 
1700 − 1000  

Re 

 

+ 10(3 − 2 ) (16) 

 

 
Fig. 7 –  Loss coefficient data for 15 mm and 40 mm globe 

valves in the fully open position for various Newtonian and 

non-Newtonian  fluids  in  laminar,  transitional  and 

turbulent flow. 

 

and it is clear from Fig. 6 that this is also the point where the 

data start to deviate from the laminar flow predictions. 

Since the valves tested in this work were geometrically sim- 

ilar, it is expected that the same results should be obtained in 

the smaller valve of 15 mm, as per the case of the gate valves 

tested by Edwards et al. (1985). Eq. (7) has been applied to 

the results obtained in the 15 mm valve as well as the first 

results obtained for kaolin and water in the 40 mm valve. The 

results were well within the experimental error and the value 

of Cv = 700 is confirmed for this specific type of valve as can 

be seen in Fig. 7. 

Fig. 8 shows the loss coefficient data obtained for the 15 mm 

and 25 mm valves in the half open position. Pal and Hwang 

(1999) provided a Cv value for half open valve and Banerjee  

et al. (1994) developed a correlation to predict losses in globe 

 

 
 

Fig. 8 –  Loss coefficient data for half open valves. 

This is the first time that results were obtained for geometri- 

cally similar globe valves. 

 

4. Conclusions 

 
The literature on loss coefficient data for Newtonian and 

non-Newtonian fluids flowing through various types of valves 

was reviewed, and the experimentally determined loss coeffi- 

cients have been summarised and compared with predictive 

equations, clearly showing that significant discrepancies 

exists. 

This work has provided experimental data for laminar, 

transitional and turbulent flow, over eight orders of magnitude 

of Reynolds numbers, for the loss coefficient for three differ- 

ently sized (12.5 mm, 25 mm and 40 mm) geometrically similar 

globe valves. This work was carried out using eight Newtonian 

and non-Newtonian fluids demonstrating that dynamic simi- 

larity can be achieved for globe valves. Dynamic similarity was 

obtained using a Reynolds number that specifically accounts 

for the yield stress of the fluid. 

It  was  demonstrated  that  the  definition  of  the  critical 

Reynolds number is important when formulating empirical 

correlations to estimate head losses in valves. The differences 

in Recrit clearly stem from both the differences in the type and 

size of the valve, the range of Reynolds numbers tested, and 

the different bases for defining the critical Reynolds number. 

Another important contribution of this  paper is that it 

has been shown that when dealing with viscoplastic fluids, 

there is  a  valid basis upon  which  dynamic similarity can 

be established. Those doing design can use this information 

for determining energy losses for Newtonian, pseudoplastic 

and viscoplastic fluids. More experimental work is, however, 

needed to determine loss coefficient data for other types of 

globe valves and at various openings. To develop a priori theo- 

retical bases for predicting the pressure losses in globe valves, 

detailed measurements of the flow behaviour inside the valves 
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is required, which is presently not available. Consequently, 

experimental work such as that presented here is of utmost 

importance to ensure that sufficient credible data is available 

to design engineers. 
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