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The agriculture sector in Myanmar is completely 
dependent on diesel for its motive power. 
Increased farm mechanization in agriculture 
has also further increased the use of diesel fuel. 
As diesel is relatively expensive, the search for 
alternative fuels has been active in Myanmar. 
Many alternative fuels like biogas, methanol, 
ethanol and vegetable oils have been evaluated 
as a partial or complete substitute for diesel. 
Vegetable oils can be used directly in a diesel 
engine as a fuel, because their calorific value 
is almost equal to that of diesel.  Therefore, 
several studies and research groups in Myanmar 
have focused attention on the technologies to 
produce, collect and extract vegetable oil from 
different oil seeds such as Jatropha. 

Jatropha oil is non-edible oil and has a 
comparable cetane number to diesel; hence 
no major modification in the diesel engine 
is necessary when it is used.  Moreover, it is 
relatively safe to store, handle and transport 
Jatropha oil because its initial flash point 
(110ºC) is higher than that of diesel (50ºC). 
Therefore, compared with edible vegetable  
oils, Jatropha oil is an ideal alternative fuel 
to diesel. To promote the use of Jatropha oil, 
Myanmar is speeding up the growing of the 
Jatropha plant. Several studies and research on 
biodiesel have also been conducted by several 
government organizations in Myanmar, such 
as the Ministry of Industry 1, the Ministry 
of Industry 2, and the Department of Farm 

Performance of Jatropha Oil-based Biodiesel Fuel 
in a Single-cylinder Four-Stroke Diesel Engine

H. H. WIN

Studies on alternative fuels have been active in Myanmar because the rapid mechanization of 
the agricultural sector demands higher diesel consumption. Jatropha oil-based biodiesel is one of 
the potential alternatives because of the relative ease of growing and producing this plant. In this 
study, both the experimental and theoretical analyses of Jatropha oil-based B20 biodiesel were 
performed and compared with conventional diesel.  First, B20 was prepared by the base-catalyzed 
transesterification of the oil and its properties were measured.  Second, separate performance tests 
were conducted on diesel and the biodiesel fuel using a LEYER-16 diesel engine. The speed range 
of interest was between 1000 r.p.m and 2000 r.p.m. Third, performance simulations were done in 
MATLAB using an algorithm written based on the theory of the engine operating cycle and air/
fuel compositions. Both experimental and simulation results show that there were no significant 
differences in the brake power and thermal efficiency of the engine between using diesel and the 
B20 diesel. However, fuel consumption when using B20 was slightly higher than that of diesel. This 
difference was marginal and it can be concluded that engine performance characteristics are the same 
for both diesel and B20 suggesting that B20 has great potential to be used as a substitute for diesel.

Key words: Jatropha biodiesel; B20 biodiesel; alternative fuel; diesel engine performance; biofuel; 
experimental and theoretical analyses
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Machinery of the Ministry of Science and 
Technology (Kywe & Oo 2009).

The objective of this study is to investigate 
the performance of a biodiesel blend (B20) and 
compare it with that of diesel in a conventional 
diesel engine through experimental and 
theoretical studies. Performance tests were 
conducted using a single-cylinder, four-stroke 
diesel engine. This study will provide answers 
as to whether biodiesel could be used as an 
alternative to diesel and provide the guidelines 
for converting the diesel engine to a biodiesel 
engine.

MATERIALS AND METHODS

Biodiesel Fuel
Biodiesel blend B20 (80% diesel, 20% Jatropha 
biodiesel) was prepared by base-catalyzed 

transesterification.  The transesterification 
process with methanol consisted of two 
steps: (i) esterification of the fatty acids of 
crude Jatropha oil (8.8% of FFA) into refined 
Jatropha oil and (ii) transesterification of 
neutral glycerides mixture into methyl ester 
by adding methanol and KOH as catalysts 
through washing and filtration (Figure 1). 
The esterification process was carried out at 
75°C to 100°C in a standard atmosphere. In 
the transesterification process, methanol was 
used to deactivate lipase enzymes and this took  
12 h to 15 h. Finally, pure biodiesel was 
obtained as a clear amber-yellow liquid.  The 
properties of B20 are shown in Table 1. 

Engine
The engine used in this study was a S1100 
LY-16 diesel engine and its specifications are 
shown in Table 2. 

Figure 1. Principle of transesterification reaction with methanol.

Table 1. Properties of diesel oil, Jatropha oil and Jatropha biodiesel.a

Property Diesel Jatropha oil Jatropha biodiesel
Density (gm/cc at 30°C) 0.84 0.93 0.85
Kinematic viscosity (cSt at 30°C) 3.6 42 4.5
Cetane number 40–55 38–51 50
Flash point (°C) 45–80 110–240 170
Calorific value (MJ/kg) 42–46 38–42 38
Sulphur (%) 1.0–1.2 0.13 0
Carbon residue (%) 0.1 0.64 0.5

a Hoa et al.
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Experiment Method
A schematic diagram of the experimental setup 
is shown in Figure 2. Before the performance 
test, proper operation of the test engine was 
ensured. The performance characteristics of the 
engine using diesel and B20 were quantified by 
measuring fuel consumption and brake torque 
at various operating speeds.  Before each 
measurement, steady operation of the engine 
was ensured. Rotational speed of the engine 
(N) was measured by a tachometer with the use 

of reflective tape on the crankshaft. The speed 
was varied in 100 r.p.m increments from 1000 
to 2000. Fuel consumption (mf) was measured 
by recording the initial and instantaneous 
volume of the fuel. The fuel tank was attached 
to a graduated burette. The valve at the bottom 
of the tank was closed when fuel consumption 
rate was to be measured so that the fuel was 
consumed only from the burette. The time taken 
for the fuel to be consumed was recorded to 
measure the fuel consumption rate. 

Table 2. S1100 LY-16 diesel engine specifications.

Type Single-cylinder,  
four-stroke, horizontal

Cylinder bore (mm) 100
Piston stroke (mm) 115

Compression ratio 20
Fuel consumption (gal/hr) 0.55

Output power (kW) 11.03
Rated speed (r.p.m) 2200

Piston displacement (litre) 0.903

EngineDynamometer

Air flow

Air box
Manometer

Biodiesel 
tank

Diesel 
tank

Three-way valve

Three-way valve

Three-way valve

Burettes

Figure 2. Experimental setup.
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Engine torque measurements were 
performed with a dynamometer at speeds from 
1000 to 2000 r.p.m. The engine was clamped to 
the floor. Then, the engine shaft was connected 
to the dynamometer rotor. Engine torque on 
the rotor was measured by balancing the stator 
with known weights (W) at known distances 
(D). Brake power (BP) was calculated from 
the measured engine torque (Pulkrabek 1988). 

BP =
πDWN

(1)
60

Torque and power were recorded for each 
speed increment to determine brake specific 
fuel consumption (bsfc), and brake thermal 
efficiency can then be computed if the calorific 
value of the fuel (CV) is known.

Break thermal efficiency =
BP

(2)
mvCV

Theoretical Model
A theoretical model of the engine performance 
was constructed based on the theory of the 
engine operating cycles: intake, compression, 
combustion and expansion (Heywood 
1988). An algorithm was written to calculate 
the theoretical brake power, specific fuel 
consumption and thermal efficiency for both 
diesel and B20 fuels (khovakh 1971). The flow 
chart for this algorithm is shown in Figure 3.

RESULTS AND DISCUSSION

Experimental Results
Figure 4 shows the variations in brake power 
at full load as a function of operating speed 
for both B20 and diesel. It was observed that 
brake power increased with speed for both 
diesel and B20. Moreover, the rate of brake 
power increment with speed was lower for 
speeds above 1500 r.p.m. This may be due to 
the fact that friction losses at higher speeds 
were relatively more dominant than at lower 
speeds. However, it must be noticed that the 

brake power of the engine had not achieved its 
maximum value compared with typical diesel 
engines (Pulkrabek 1988). Most diesel engines 
have a maximum brake power at engine speeds 
of approximately 6000 r.p.m. to 7000 r.p.m. 
However, brake power measurements in this 
study were performed in the speed range of 
only 1000 r.p.m. to 2000 r.p.m. Therefore, in 
order to compare the maximum brake powers 
of engines with diesel and B20, it is suggested 
that more studies be performed to measure 
brake power at higher speeds of up to 6000 
r.p.m. However, based on the existing results 
with some limitations, it can be concluded 
qualitatively that the engine running on B20 
had almost equal available brake power to that 
of the diesel-run engine although brake power 
with diesel was slightly larger. 

Figure 5 shows the variations in brake 
specific fuel consumptions at different engine 
speeds for both B20 and diesel. At all speeds, 
the brake specific fuel consumption for B20 
was approximately 2% higher than that for 
diesel fuel. At speeds below 1200 r.p.m., the 
consumptions of both fuels decreased with 
speed. This decrement in fuel consumption 
with speed has also been reported in a study by 
Nematullah (2010) although the speed range 
in that study was different from this study. As 
speed increased, the consumptions of both fuels 
increased, as was also shown in the previous 
study (Nematullah 2010). However, at speeds 
above 1900 r.p.m., the rate of fuel consumption 
of B20 was higher than that of diesel. One of 
the possible reasons for this discrepancy could 
be experimental error due to incorrect timing 
between speed increment and load increment 
as this experiment was controlled manually. 
Engine speeds may have fluctuated whenever 
the load was increased or decreased. 

Figure 6 shows engine brake thermal 
efficiency as a function of engine speed. The 
range of brake thermal efficiencies for both 
diesel and B20 was between 30 and 37. This 
result is comparable to the brake thermal 
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START

Assign values of engine
 - Bore diameter (D)
 - Stroke length (L)
 - Number of cylinder (n)
 - Compression ratio (rc)
 - Connecting rod length (Lrod)
 - Area of narrowest section (ais)

Define admission process:
 - Charge preheating temperature (∆T)
 - Resistance coefficient (β2+ξ)
 - Residual gas pressure and temperature 
(Pres,,Tres)

 - Compression ratio of turbocharger (rcomp)

Define combustion process:
 - Coefficient of heat utilization (ξz)
 - Pressure rise coefficient (λ)

Calculate ρin, Vis, Pa, Ta, and ϒres for 
volumetric efficiency (ηv)

Define compression process:
 - Polytropic exponent (n1)

Determine volumetric efficiency (ηv)

Calculate value of Pcom and Tcom

Determine µact and LHS1, LHS2 and LHS3 
to estimate combustion temperature, tz, in 
combustion process

Enter no. for desired fuel type

Calculate the values, ath and Ath

Assign excess air coefficient from α Vs 
load graph for desired load 

Calculate values: M1, M2, and µth

Specify engine speed:
 - Minimum engine rotational speed
 - Maximum engine rotational speed
 - Speed increment

Specify desired value for fuel:
 - Carbon percentage (%wt)
 - Hydrogen percentage (%wt)
 - Oxygen percentage (%wt )
 - Lower heating value (HLCV)

JJ

II

C

A

0.8 ≤  ηv  ≤ 0.9

Yes

Yes

No

No(Pc)cal ≈ (Pc)exp

(Tc)cal ≈ (Tc)exp

Figure 3. Flow chart for estimating theoretical performance by simulation.



82

Stop

Assume combustion temperature, Tz 

from Tables, A1, A2, A3 and A4 and 
estimate RHS value

Calculate the values of Pb, ηmech, bsfc, 
ηbth, BP and mf°

Compare performance results of fuel-1, 
fuel-2, etc. and plot the simulated 
results against engine speed in the 
form of tables and graphs

Based on data of reference engine 
performance Table D.1 and D.2 
for turbocharged intercooled diesel 
engine at 50% load test run

Create a local matrix unit for engine 
performance data of fuel-1

Create an external matrix unit for all 
fuel types in engine operating range

Calculate the max: combustion pressure, 
Pz, pre-expansion coefficient, ρ and 
subsequence expansion, δ

Calculate value of Pe and Te  at the end 
of expansion

Set the values of A and B from Table 
A.5 and determine, Vp

Calculate the values of Pid, Pi, isfc, ηith 
and IP

Specify operating parameters
 - Smoothing factor (φ1)
 - Operating cycle (τ) 

Define compression process:
 - Polytropic exponent (n2n)

JJ

A

II

C

Simulated data 
(Error ± 5%)

LHS ≈ RHS

Yes

Yes

Yes

No

No

No

(Pe)cal ≈ (Pe)exp

(Te)cal ≈ (Te)exp

Figure 3 (Cont.). Flow chart for estimating theoretical performance by simulation.
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efficiency range for B20 reported in literature 
(Nematullah 2010). It can also be seen that, 
as expected, the brake thermal efficiency was 
inversely proportional to the specific fuel 
consumption (Figure 5). It is also observed 
that there was no significant difference in the 
brake thermal efficiencies when using the 
conventional diesel fuel and B20 biodiesel both 
at low and high speeds. This result was expected 
because the calorific value of B20 (41.24 MJ/
kg) was close to that of diesel (42.2 MJ/kg). 
Therefore, B20 can be used as a substitute for 
diesel fuel.  Another advantage with B20 is 
that unlike other biodiesels such as B100, no 
combustion deposits on valve, piston crown, 
cylinder head and injector were observed after 
a long period of operation. 

Simulation Results
Figure 7 shows the experimental and simulation 
brake powers for both diesel and B20 fuels. 
The experimental and simulation brake powers 
were similar in trend for both diesel and B20 

fuels. For diesel, the maximum error between 
the experimental and simulation results was 
approximately 7% although the maximum 
error for B20 was around 1%.  However, the 
simulation results also showed that brake 
power with diesel was slightly higher than 
that with B20, which is in agreement with 
the experimental results shown in Figure 4, 
suggesting again that B20 can be used as a 
substitute for diesel.

Similar trends between experimental 
and simulation results for brake specific fuel 
consumption and thermal efficiency were also 
observed as shown in Figure 8 and Figure 9. In 
Figure 8, the maximum error in brake specific 
fuel consumption between experiments and 
simulations was around 1% with both diesel and 
B20. The maximum error in thermal efficiency 
was also around 1% with both diesel and B20. 
Therefore, overall, the experimental results were 
in good agreement with the simulation results.  
The simulation results in Figure 8, which were 
in agreement with the experimental results, 
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suggest that brake specific fuel consumption 
with B20 was slightly higher than that with 
diesel. The simulation results in Figure 9 also 
suggest that there was no significant difference 
in brake thermal efficiency between using diesel 
and B20 supporting the experimental findings 
in Figure 6.

CONCLUSIONS
The performance of biodiesel blend B-20 was 
tested in a single-cylinder four-stroke indirect 
injection diesel engine. It was found, during 
the experiments, that the use of B-20 fuel did 
not require any additional modification to 
the engine and that it could operate smoothly 
with no notable problems. Based on the 
experimental analysis on brake power, specific 
fuel consumption and thermal efficiency, 
it can be concluded that B-20 can perform 
almost as efficiently as diesel fuel. This result 
is in line with the results reported in literature 
(Hoa 2012; Forson et al. 2004; Baitiang et al. 

2008). Therefore, Jatropha oil-based diesel 
fuel has great potential to replace conventional 
diesel fuel. Apart from the experimental 
analyses, a theoretical model which can 
represent the performance of a compression 
ignition engine was also built and verified 
with the experimental findings for both diesel 
and B20 fuels.  However, the experimental 
performance data were collected within limited 
engine speeds. In order to fully investigate the 
performance of B20 at higher engine speeds, 
more experimental studies should be done on 
engines with higher rated speeds.

Date of submission: August 2012
Date of acceptance: September 2012
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Multi-phase flows are widely encountered in 
several engineering and industrial facilities 
such as conventional steam power plants, 
evaporators and condensers, pressurized-water 
nuclear reactors, a wide variety of petroleum 
industries, chemicals and food processing 
industries. Piping systems in these steam power 
plants, chemical plants, refineries, oil and 
gas transportation grids are a very wide and 
complex. Pipes have to be laid out according 
to many geometrical and physical constraints. 
In these piping systems, elbows and bends, 
expenders and reducers, tee-junctions and 
control valves are a very common occurrence. 
In this point, the knowledge of two-phase flow 
pressure drop in piping components apart from 
straight pipes is very important for accurate and 
reliable piping design. It enables the designer 
to size the pump that is reliable and economic 
for the operation of the flow system.

On account of two different velocities, 
two different densities and very complicated 
flow phenomenon in elbow bends, theory for 
two-phase flow pressure drop in elbow bends 
is very rear to be found. Therefore, estimating 
two-phase flow pressure drop in elbow bends 
is numerically not an easy task. Even in a 
single phase flow, there is no exact solution for 
pressure drop in elbow bends because of the 
complicated flow phenomena. Nowadays, a few 
of researchers are trying to develop empirical 
formula for two-phase flow pressure drop 
in elbow bends based on experimental data. 
Benard (2006) developed a correlation for two-
phase flow pressure drop in elbow by using his 
experimental data, but his correlation is limited 
only for R/D = 0.6539, ReSL = 280–9800 and 
ReSG = 2000–30000. Seungjin Kima (2008) 
calculated total losses coefficients K from 
experimental pressure drop for 45° and 90° 

Developing a Generalized Combined Model for 
Gas-liquid Two-phase Flow Pressure Drop in 

Elbow Bends
N. Z. AUNG1* AND T. YUWONO 2

In this work, a generalized combined model was proposed for prediction of two-phase flow pressure 
drop in elbow bends. In this proposed model, restriction, frictional and elevational losses were 
considered separately. The frictional and static losses were approached by using Lockhart_Martinelli 
correlation. This model was tested to predict the pressure drop across the elbows with inside  
diameter of 0.036 m and R/D = 0.6, 2.5. The superficial liquid velocity was varied in the range of 
0.3~1.1 m/s and volumetric gas quality was varied from 0.02~0.3. The results from this model had 
good predictions with a maximum error of ±13% for long elbow bends and showed great discrepancy 
with a peak error of –50% for short elbow bends. The model is reliably acceptable for the elbow 
bends with relative radius (R/D) greater than 2 at volumetric gas fractions less than 0.3.

Key words: Generalized combined model; two-phase flow; pressure drop; elbow bends
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elbows.  Unfortunately their calculation so far 
has not been satisfactory.

Thus, the objective of this work is to 
develop a general model that can be used for 
estimating two-phase flow pressure drops in a 
wide range of elbow dimensions.

SINGLE PHASE PRESSURE DROP IN 
ELBOW BENDS

For a single phase flow, the energy loss through 
a pipe fitting arising from internal friction, 
flow separation and secondary flow it is 
approximately proportional to the square of the 
flow velocity. Thus, prediction of pressure drop 
in various pipe fittings (including elbow bends) 
is not an easy work and most of data on flow 
through such things are obtained by carefully 
conducted experiments. In turn, correlating with 
experimental data, some acceptable formulas 
have been developed and commercially used to 
predict pressure drop in piping system designs. 
In this section, three methods for calculating 
pressure drop in bends are presented and one of 
them is proposed for two-phase flow. Generally, 
for single phase flow, pressure drop in elbow 

bends is a combination of three components as 
shown below:

ΔP = ΔPres + ΔPf + ΔPs sin (γ) (1)

If the elbow is horizontal, there is no static 
pressure losses, and so ΔPs = 0

ΔP = ΔPres +ΔPf (2)

ΔP = ( kres + f πR ) × ρ Vavg
2

(3)
2D 2

ΔP = K × ρ Vavg
2

(4)
2

( Where, K = kres + f πR )2D

Total Losses Coefficient Method
In this method, total losses coefficient K is 
defined as combination of restricted loss and 
frictional loss. The relation of restriction 
coefficient (kres) and relative radius (R/D) for 
various elbow bends is shown in Figure 1.

K = kres + f πR (5)
2D
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Equivalent Length Method
In this method, total losses coefficient K is 
defined as in term of equivalent length.

K = f Le (6)
D

Total Losses Coefficient Method Based on 
Turbulent Friction Factor
In fully developed turbulent flow, total losses 
coefficient is twelve times the turbulent 
friction factor and it can be calculated by using 
Colebrook equation for friction factor.

K = 12 fT (6)

fT = f (Re, κ/D) (7)

1
= – 4 log ( 2κ

 + 
9.35 ) + 3.48 (8)

f T
D Re f T

LOCKHART–MARTINELLI 
CORRELATION FOR TWO-PHASE 

FLOW PRESSURE DROP
The Lockhart–Martinelli (Lockhart & Martinelli 
1949) correlation is perhaps the oldest available 
correlation for two-phase frictional pressure 
drop in horizontal pipes. It is widely used in 
the process industry. It is very simple to apply 
because it is independent of flow pattern. 
No liquid fraction information is needed to 
compute the frictional pressure gradient. It is 
calculated by multiplying the frictional pressure 
gradient for single-phase flow (either liquid or 
gas) by a two-phase flow multiplier L

2
U  or G

2
U .

– dp
= L

2
U (– dp )

SL,f
= G

2
U (– dp )

SG,f

(9)
dx dx dx

(– dp )
SL,f

= 2 fSLρLU2 / D (10)
dx SL

(– dp )
SG,f

= 2 fSGρGU2 / D (11)
dx SG

Here, superficial velocities, USL and USG 
are expressed as:

USL =
QL (12)
A

USG = QG (13)
A

The friction factor for each phase can be 
calculated by using Colebrook equation. The 
parameter X, known as the Lockhart–Martinelli 
parameter which is correlated to the two-phase 
multipliers will be introduced as,

X =
( –

dp )
SL,f

1/2

(14)
dx

( –
dp )

SG,fdx

G
2
U  = 1 + CX + X2 (15)

L
2
U  = 1 + 

C
+

1 (16)
X X2

Chisholm (1967) introduced a convenient 
expression for the two-phase multipliers with 
the following C values for different types of 
flow.

Table 1. C values in two-phase multiplier (Chisholm 1967).

Liquid Gas C
Turbulent Turbulent 20
Laminar Turbulent 12

Turbulent Laminar 10
Laminar Laminar 5
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The gas fraction needed for the pressure gradient contribution due to gravity is also determined 
by a correlation developed by Lockhart and Martinelli:

–1

(17)αG = 1 + 0.28 ( 1 – x )0.64 ( ρG )0.36 ( μL )0.07

x ρL μG

Therefore, the static pressure losses are:

dp
= g × [ρLαL + ρG (1 αL)] (18)

dx

To be general, if there was any inclination angle g from horizontal, it could be:

dp
= g × [ρLαL + ρG (1 αL)] × sin (γ) (19)

dx

DEVELOPING GENERALIZED 
COMBINED MODEL FOR GAS-LIQUID 
TWO-PHASE FLOW PRESSURE DROP 

IN ELBOW BEND
In this section, a generalized model was 
proposed for a two-phase flow pressure drop 
in elbow bends with reasonable considerations 
so that it could be used in a wide range 
of conditions. The total losses coefficient 
method was used in developing the model. 
The following equation could be written for the 
two-phase flow pressure drop in elbow bend by 
using Equation 1:

ΔPEB = ΔPres, Two-phase + ΔPf, Two-phase 
+ ΔPs, Two-phase sin (γ) (20)

Here, first we will consider the two-phase 
frictional pressure drop, ΔPf, Two-phase and static 
pressure drop, ΔPs, Two-phase. Basically, the two-
phase flow pressure drop is strongly dependent 
on phase fraction and the flow pattern. However, 
in elbow bend it was very difficult to define 
the flow pattern because of interferences such 
as separation and secondary flow. Therefore, 
to solve this problem, Lockhart_Martinelli 
Correlation was chosen which does not depend 
on the flow pattern.

The second problem was how to solve the 
two-phase flow pressure drop because of elbow 
restriction. According to the momentum theory 
(ρVV), if the flowing fluids pass any restriction, 
fluids with higher densities would suffer from 
higher momentum losses than lower density 
fluids. Therefore, if we consider gas-liquid 
two-phase flow in any elbow bend, momentum 
losses contributed from liquid phase is nearly 
the same momentum losses for the whole 
mixture. As the gas phase density was very low 
compared with liquid phase, losses contributed 
from gas phase could be neglected in low gas 
concentration. But at high gas velocities or high 
gas concentrations, restriction losses for gas 
would be considerable as a factor that had to be 
accounted. Therefore, for low gas concentration 
it could be written as:

ΔPres, Two-phase = kres ρL
U 2

(21)SL

2

ΔPf, Two-phase =
dp

×
πR (22)

dx 2

ΔPs, Two-phase =
dp

× R × sin (γ) (23)
dz
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By combining the above three expressions:

ΔPEB = kres ρL
U 2

+ ( dp
× πR ) +SL

2 dx 2
(24)

( dp
× R × sin (γ) )dz

Then, we considered for the case in which 
the dispersed density became nearly the same 
with continuous phase density (liquid-liquid 
flow, oil-water flow). In such a case, the 
assumption that as homogeneous flow was very 
reasonable and the mixture possessed average 
properties of the phases involved. The mixture 
could be assumed as a single fluid with average 
properties. The restriction losses, frictional 
losses and static losses would be contributed 
from both fluids. Therefore for the two-phase 
flow in which ρDL≈ρL and μDL≈μL, the pressure 
drop in elbow bends could be developed as 
follow:

ΔPres, Two-phase = kres ρmix
U 2

(25)mix

2

ΔPf, Two-phase = fmix
πR U 2

(26)mix

2D 2

ΔPs, Two-phase = ρmix × g × R × sin (γ) (27)

By combining the above three expressions:

ΔPEB = kres ρmix
U 2

+ fmix
πR U 2

+mix mix

2 2D 2
(28)

ρmix g R sin (γ)

Umix = USL + USDL (29)

USDL =
QDL (30)
A

ρmix = ρL (1 – β) + ρDL β (31)

μmix = μL (1 – β) + μDL β (32)

Remix =
ρmix DUmix (33)

μmix

β = 
QDL =

USDL (34)
QDL + QL Umix

Here, fmix could be calculated by using 
Equation 8 and mixture Reynolds number.

AVAILABLE EXPERIMENTAL DATA
Aung (2009) and Sukmono (2009) performed 
experiments with gas-liquid two-phase flow 
through elbow bends to investigate gas-liquid 
two-phase flow pattern and pressure drop 
characteristics through a vertical to horizontal 
90° elbows. The first conducted tests for elbow 
bend having (center bend radius to diameter 
ratio) R/D = 2.5 and the later for R/D = 0.6. 
For every elbow bend, forty different flow 
conditions were created by varying inlet 
superficial liquid velocity (USL= 0.3 ~ 1.1 m/s) 
and volumetric gas quality (β = 0.05 ~ 0.2). 
The test section had 2 m high vertical pipe and 
1 m long horizontal pipe which was connected 
with selected elbow. All parts of test section 
were made of acrylic pipe. A water-filled 
manometer set was used to measure pressure 
gradients along test section. The detail of the 
experimental setup and measuring techniques 
could be seen in corresponding references. 
These measured data in experiments were used 
in validation of estimated data from proposed 
model.

PREDICTION WITH PROPOSED MODEL 
AND ERROR ANALYSIS

Table 1 and 2 summarize the properties of fluids 
used in experiments and restriction coefficients 
for elbow bends. These are required data for 
predictions with the proposed model. The flow 
diagram for tasks in prediction is shown in 
Figure 2 and the prediction calculations would 
be served by using MATLAB as computational 
tool.
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Start

End

Set know data, R, D, R/D, 
μL, μG, ρL, ρG, USL, β

Predicted pressure drop in elbow 
bend with proposed model

1. Compare predicted data with 
experimental data 

2. Calculate error percent

Figure 2. Flow diagram for tasks in 
prediction.

The validity of the developed model is 
defined based on definition that corresponds 
to the minimum root mean square (rms) error. 
The error (e) from applying the model to each 
available data point is defined as:

ε (%) =
Predicted – Experimental

× 100 (35)
Experimental

For groups of data, the root mean square 
error, erms, is defined as:

1/2

(36)εrms (%) =
1

1i

N

=

/ ε 2

N i

RESULT AND DISCUSSION
A typical photo of a two-phase flow pheno-
menon in elbow bend recorded in experiment 
is shown in Figure 3. It will not be dealt with 
here, but just for seeing how it behaves.  The 
characteristics of pressure drop in elbow bend 
were related with observed flow behaviour in 
it. In general, the results showed that pressure 
drop characteristics in elbow bends had 
decreasing trends since elevational pressure 
drop was the most dominant component in 
vertical positioned elbow which decreased 
with increasing amount of gas. However, the 
frictional and restriction pressure drop become 
more dominant at high velocities.

Table 3 exhibits comparisons of experi-
mental data and predicted data calculated from 
proposed method for every constant superficial 
liquid Reynolds number and Figure 4 shows 
graphical presentation for ReSL = 13497. 

Table 1. Restriction coefficient for elbow bends.

Parameter Long elbow Short elbow
Relative radius (R/D) 2.5 0.6
Diameter [D (m)] 0.036 0.036
Radius of curvature [R (m)] 0.09 0.0216
Restriction coefficient for elbow bends (kres) 0.156 0.35

Table 2. Properties of fluids used in experiments and predictions.

Fluids Water Air
Density [ρ(kg/m3)] 997 1.17
Viscosity [μ (Ns/m2)] 0.00089 0.0000181
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Generally, the proposed method could give 
estimated data which have the same trend with 
experimental data. It gives good predictions 
for long elbow bend (Nay’s data) with root 
mean square error of 2.1%. For short elbow 

(Yudi’s data), there is a great difference between 
predicted data and experimental ones until it 
shows rms of as large as 46%. This discrepancy 
can be explained by the pressure drop due to 
restriction and friction. In real two-phase flow in 

Figure 3. Visual observation of two-phase flow pattern across the elbow at ReSL = 13497, α = 0.07.
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Table 3. Comparison of experimental data and predicted data.

USL (m/s) β
Yudi’s data Nay’s data

Experimental  
Pressure drop (N/m2)

Predicted data 
(N/m2)

Experimental  
Pressure drop (N/m2)

Predicted data 
(N/m2)

0.3 0.11 831.35 528.26 1162.72 1126.47
0.13 821.57 522.03 1143.18 1112.84
0.15 802.01 516.04 1152.95 1099.71
0.18 782.45 507.33 1104.10 1080.64
0.20 792.23 501.77 1084.55 1068.46

0.5 0.07 948.72 576.80 1221.30 1181.32
0.09 899.81 569.74 1201.80 1165.83
0.11 890.03 563.23 1172.50 1151.57
0.13 880.25 557.06 1182.30 1138.03
0.15 831.35 551.14 1123.60 1125.06
0.18 802.01 542.58 1113.90 1106.29
0.20 831.35 537.08 1104.10 1094.24

0.7 0.05 1173.67 635.66 1240.90 1233.24
0.07 1173.67 628.03 1221.30 1216.47
0.09 1144.33 621.14 1192.00 1201.35
0.11 1124.77 614.71 1182.30 1187.23
0.13 1075.86 608.55 1162.70 1173.72
0.15 1026.96 602.80 1143.20 1161.09
0.18 997.62 594.38 1104.10 1142.61
0.20 1007.40 588.97 1094.30 1130.73

0.9 0.05 1359.50 703.07 1280.00 1278.32
0.07 1369.28 695.63 1280.00 1261.95
0.09 1427.96 688.85 1250.70 1247.03
0.11 1330.16 682.54 1211.60 1233.17
0.13 1261.69 676.56 1201.80 1220.01
0.15 1232.35 670.84 1172.50 1207.45
0.18 1203.01 662.59 1182.26 1189.30
0.20 1212.79 657.27 1182.30 1177.60

1.1 0.05 1760.50 786.76 1348.40 1333.51
0.07 1799.62 779.44 1348.40 1317.40
0.09 1770.28 772.81 1289.70 1302.78
0.11 1828.97 766.62 1299.50 1289.15
0.13 1760.50 760.77 1309.30 1276.26
0.15 1740.94 755.17 1280.00 1263.93
0.18 1604.01 747.09 1250.70 1246.13
0.20 1594.23 741.88 1280.00 1234.65
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very short elbow, the turbulence is enhanced by 
gas bubbles that cause an increase in frictional 
and restricting pressure drop. Therefore, 
the experimental pressure drops greatly to 
overcome the predicted data.

The other observation is that at higher 
liquid velocities, the pressure drop in the short 
elbow is much higher than that in the long 
elbow bend. Thus, the higher the gas velocity, 
the bigger is the error for the proposed model. It 
is noteworthy that predictions by the proposed 
model is appropriate for long elbows while 
it is quite poor for short elbows. Figures 5–6 
depict the direct comparison of the whole 
predictive data to the experimental database for 
both elbows. It can be seen that this proposed 
method is weak in estimating pressure drop for  
R/D = 0.6 with maximum error greater than 
–50%. However, most of predicted data fall 
within the error limits of ±13% for R/D = 2.5.

CONCLUSION
From this work, a general combined model to 
predict two-phase flow pressure drop in elbow 
bends was developed. In the model, restriction 
pressure drop, frictional pressure drop and 
elevational pressure drop were considered 
separately. Lockhart_Martinelli Correlaiton 
was borrowed to predict the frictional and 
elevational pressure drop. It was tested to 
predict the experimental data for two types of 
elbow bends with R/D = 0.6 and R/D = 2.5. 
The results showed that the proposed model 
well predicted pressure drop for long elbow 
(R/D = 2.5) with maximum error of ±13% and 
erms of 2.1%, meanwhile it had poor predictions 
for short elbow (R/D = 0.6) which gave a 
maximum error higher than –50% and erms 
of 46%. However, it was appropriate for all 
experimental data. As discussed earlier, this 
model could be proposed for future studies 
on two phase flow in the long elbows with a 
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relative radius greater than 2 and volumetric 
gas quality not higher than 0.3. But a higher 
value of kres could be considered in the short 
elbow bends.
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Notation
D Diameter of the pipe (m)
dp/dx Pressure gradient with vitiation of 

pipe length (Pa/m)
dp/dz Pressure gradient with lavational 

variation (Pa/m)
f Fanning friction factor
g Acceleration due to gravity (m/s2)
K Total losses coefficient
k Restriction coefficient
L Length (m)
P Toal pressure (kPa)
Q Flow rate (m3/s)
R Radius of curvature (m)
Re Reynolds number
U Superficial velocity respective phase 

(m/s)
V Velocity of single phase flow (m/s)
x Mass quality of gas

Symbols
α Fraction of respective phase 
β Fraction of respective phase in homo-

genous flow 
γ Elbow inclination angle (degree)
ρ Density (kg/m3)
μ Viscosity (N-s/m)
κ Pipe surface roughness (m)

Subscript
EB Elbow
f Fractional
res Reaction
s Static
Two-phase Two-phase flow
mix Mixutre
L Liquid
G Gas
SDL Superficial dispersed liquid
SG Superficial gas
SL Superficial liquid

NOMENCLATURE
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Microbial ethanol is gaining worldwide 
acceptance to overcome problems associated 
with the depletion of fossil  fuels and 
environmental pollution. The non-renewable 
energy sources have been depleting and it takes a 
few hundred million years for natural processes 
to recreate them. Therefore, the primary benefit 
of switching fuel source to microbial ethanol 
is that the biomass is renewable, and can 
potentially provide a sustainable supply over a 
long term. In addition, many estimate that the 
production and use of bioethanol could cause 
a reduction in net greenhouse gas emissions 
(Mabee & Saddler 2010).

Ethanol production is usually done by 
chemical synthesis of hydrocarbons. In recent 
years, there is a global emphasis in ethanol 

production by fermentation process. Increased 
yield of ethanol production by microbial  
fermentation depends on the use of ideal 
microbial strain, appropriate fermentation  
substrate and suitable process technology. 
An ideal micro-organism used for ethanol 
production must have rapid fermentative 
potential, improved flocculating ability, 
appreciable osmotolerance, enhanced ethanol 
tolerance and good thermotolerance (Brooks 
2008; Stewart et al. 1982; Yan & Tanaka 2006). 
To date, there is no microbial strain which meet 
these qualities (Brooks 2008).

Brooks (2008) reported various strains of 
indigenous yeasts capable of producing ethanol 
had been isolated from different local sources 
such as molasses (Yan & Tanaka 2006), sugar 

Ethanol Production in Yeasts Isolated from 
Fermented Kitchen Waste
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Microbial ethanol is a potential substitute for the non-renewable fossil fuel which is depleting. 
Yeasts have been long and extensively studied for ethanol production. The objectives of this study 
were to isolate yeasts from fermented kitchen waste and to determine their ethanol production 
performances. A number of fifteen yeasts were isolated from fermented kitchen waste. The yeasts 
were then grouped based on their ability to ferment different types of sugars. Three yeast isolates 
were selected for the analysis of ethanol production. Fermentation was carried out for 72 h in yeast 
extract peptone dextrose broth containing 18% glucose. Fourier transform infrared attenuated total 
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mill effluents, local fermented foods, and 
fermented pineapple juice and lignocellulotic 
agroindustrial residues (Okur & Saracçoĝlu 
2006). In most of these studies, the preferred 
candidate for industrial production of ethanol 
has been Saccharomyces cerevisiae due to its 
ability to produce high concentration of ethanol 
and the ethanol is not contaminated by other 
products from the substrate (Yan & Tanaka 
2006).

Thus the aims of this study were to isolate 
indigenous yeast strains from the fermented 
kitchen waste and to evaluate their potential in 
ethanol production. 

MATERIALS AND METHODS 
Fermentation mixture was prepared by mixing 
kitchen waste (vegetables and fruits) and brown 
sugar and water at a weight ratio of 3:1:10. 
Fermentation was carried out in a closed 
container at room temperature (26°C–28°C) 
under non-sterile condition. The seven-day-
old product was subjected to 10-fold serial 
dilution then it was spread onto potato dextrose 
agar (PDA) containing 0.1% chloramphenicol. 
The PDA plates were incubated at 30°C for  
24 h – 48 h. The yeast isolates were characterized 
by their ability to ferment sugars in broth 
containing 1% yeast extract and 2% sugars 
(glucose, lactose, galactose, fructose, xylose, 
maltose or sucrose).

Ethanol fermentation was carried out in 
conical flask at 26°C–28°C for 72 h in yeast 
extract peptone dextrose broth (1% yeast 
extract, 2% peptone, 18% glucose) under sterile 
condition. Ethanol production and glucose 
utilization were monitored using Fourier 
transform infrared attenuated total reflection 
(FTIR-ATR) spectroscopy. The levels of ethanol 
and glucose in the samples were estimated 
based on the selected absorption wavenumber 
and absorbance value corresponding to those 
of the chemical standards. The isolates were 

identified through molecular approach based on 
the internal transcribed spacer (ITS) sequence. 
The DNA of the yeasts was extracted by boiling 
in 2% SDS followed by ethanol precipitation. 
The ITS region was amplified using universal 
primers ITS1 and ITS4 (White et al. 1990). 
Nucleotide sequences of the PCR products 
were analyzed by automated DNA sequencing 
by First Base Laboratories.  

RESULTS AND DISCUSSION 
Fifteen yeasts were isolated from fermented 
kitchen waste. They were grouped into six 
groups based on their sugar fermentation 
profiles (Table 1). Group 6 was the only group 
which did not ferment glucose and any other 
tested sugars. The Y7, Y9, Y10 and Y14 were 
therefore regarded as yeast-like microorganisms 
based on their colony morphologies and they 
were excluded from the fermentation test where 
glucose was used as carbon source.  Primary 
fermentation analysis on the yeast isolates from 
the other 5 groups detected different levels of 
ethanol. Yeasts from groups 1, 2 and 3 produced 
sustaintial amount of ethanol as shown by the 
FTIR spectrums. However, there was only 
<10% (v/v) of ethanol observed in the culture 
media of yeast isolates in Groups 4 and 5 (data 
not shown). 

Subsequent time course studies of ethanol 
production were performed on isolates Y4, 
Y6 and Y8, respectively representing group 
1, 2 and 3. It was observed that ethanol 
production peaked after 36 h of fermentation. 
Y4 recorded the highest ethanol production 
as high as 16% followed by 12% and 11% in 
Y6 and Y8, respectively (Figure 1). Elevated 
level of ethanol in Y4 could be explained by 
efficient glucose utilization to below 1% after 
36 h fermentation (Figure 1). In contrast, 
glucose levels in Y6 and Y8 were 7% and 5%, 
respectively at 36 h and gradually decreased to 
3% at 72 h. Ethanol has been reported to show 
inhibitory effects on yeast fermentation through 
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Table 1. Sugar fermentation test of the yeasts.

Yeasts
Sugars

Grouping
Glu Mal Lac Gal Xyl Suc Fru

Y1 + – – + – + + 4
Y2 + – – + – + + 4
Y3 + – – + – + + 4
Y4 + + – + – + + 1
Y5 + – – – – – – 5
Y6 + + – – – + + 2
Y7 – – – – – – – 6
Y8 + – – – – – + 3
Y9 – – – – – – – 6

Y10 – – – – – – – 6
Y11 + – – – – – – 5
Y12 + – – + – + + 4
Y13 + – – – – – + 3
Y14 – – – – – – – 6
Y15 + – – – – – – 5

Note: + : Positive fermentation; – : Negative fermentation; Glu: Glucose; Mal: Maltose; Lac: Lactose; Gal: Galactose; 
Xyl: Xylose; Suc: Sucrose; and Fru: Fructose.

Time (hours)

ethanol Y4

glu Y4

glu Y6

ethanol Y6

ethanol Y8
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Figure 1. Time course study of ethanol fermentation in yeasts.
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the alteration of membrane permeability and 
disruption of its function (Dombek & Ingram 
1987). These lead to an increase in hydrogen ion 
influx which causes the decline in transport rates 
and eventually, there was no further glucose 
uptake for ethanol production. 

FTIR spectroscopy offers rapid and 
convenient means in estimating the amounts 
of ethanol and glucose in fermentation mixture. 
There was no requirement for pre-analysis 
sample preparation and separation. The 
absorptions around 3000 cm–1 (likely a C-H 
stretch) (Coates 2000) and 1000 cm–1 (likely 
a C-O region) (Petibois et al. 1999) were used 
to quantitate the levels of ethanol and glucose 

respectively (Figure 2). These 2 wavenumbers 
were found to exhibit positive linear relationship 
towards different concentrations of ethanol 
(0%–35%) and glucose (0%–18%) standard at 
respective R2 values of 0.915 and 0.997. 

Isolates Y4, Y6 and Y8 generated PCR 
products at different sizes at 620 b.p., 500 
b.p. and 520 b.p., respectively (Figure 3). 
ITS has been regarded as highly variable 
region for fungi identification. However, in 
this study, attempts to identify the yeasts 
isolates based on the ITS sequences were 
not conclusive due to low similarity (<90%) 
between the sample sequences and the fungal 
DNA database. Isolates Y4, Y6 and Y8 were 

Wavenumbers (cm–1)

A
bs

or
ba

nc
e

Figure 2. FTIR spectrum of yeast fermentation mixture:
arrows indicate the absorption peaks used for quantitating  
ethanol (3000 cm–1) and glucose (1000 cm–1).
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found closest to Saccharomyces cerevisiae 
(76%), Paracoccidioides brasiliensis (56%) and 
Saccharomyces boulardii (64%) respectively 
based on the ITS sequences.

CONCLUSION
A number of three yeasts with promising 
ethanol production were isolated and partially 
identified from fermented kitchen waste. A 
rapid and simple FTIR based method has been 
developed to detect the ethanol and glucose 
levels during the fermentation process. The 
highest ethanol production was achieved in the 
yeast isolate Y4 which is believed to be closely 
related to  Saccharomyces cerevisiae. Further 
analysis need to be carried out to verify the 
yeast species and its ethanol yield in a scale up 
of the fermentation process.
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Dryobalanops, locally known as kapur, is a 
genus of large and tall trees from the Family 
Dipterocarpaceae.  The genus consists of 
seven species which are widely distributed 
in Sumatra, Peninsular Malaysia and Borneo 
(Corner 1981; Ashton 2004). The four species 
found in Brunei Darussalam are Dryobalanops 
aromatica Gaertn, D. beccari Dyeri, D. 
lanceolata Burck and D. rappa Becc.

D. aromatica (Figure 1), commonly known 
as the Bornean Camphor-Tree, and locally 
known as kapur peringgi, is a large and lofty 
tree, reaching up to 65 m in height and 7 m in 

girth.  The trunk is usually a straight, cylindrical 
and clear bole of 30 m–40 m. This species is 
a well-known and valuable timber tree. The 
timber has been described as being moderately 
hard, heavy and durable (Ashton 1964).  It 
is used as an internal wood and resembles 
mahogany when given a good polish. It has a 
camphor odour, and the camphor in the wood 
was sought after and sold as medicine in the 
past (Burkill 1966). The camphor produced by 
the tree is less important today than its timber, 
but in the earlier days the reverse was the case. 
The species also produces camphoraceous 
oleo-resin.

Chemical Composition of Leaf and Seed Oils of 
Dryobalanops aromatica Gaertn. (Dipterocarpaceae)

A. S. KAMARIAH1*, T. OZEK2, B. DEMIRCI3 AND K. H. C. BASER2,3

The essential oils of the leaves and seed of Dryobalanops aromatica Gaertn. obtained by hydro-
distillation resulted in 0.07% and 1.89% yield, respectively.  These oils were then examined by 
GC-MS. Eighty-three components (plus an unknown) were identified from the leaf oil, representing 
92% of the oil. Oxygenated monocyclic monoterpenes (terpinen-4-ol 15%, α-terpineol 16%), 
bicyclic monoterpene (α-pinene 7%) and oxygenated bicyclic sesquiterpene (globulol 8%) were 
the major constituents. In the case of the seed oil, 31 components were identified, representing 
100% of the oil, while acyclic monoterpene (myrcene 5%), monocyclic monoterpene (limonene 
6%), bicyclic monoterpenes (α-pinene 41%, α-thujene and β-pinene 13% each, sabinene 6%), and 
bicyclic sesquiterpene (bicyclogermacrene 6%) made up the major components.  The remaining 
constituents of each oil (54% and 10%, respectively) were found to be minor (≤4% each). The 
chemical compositions of both oils differed quantitatively but showed important qualitative 
similarities and differences.  The results of this study serve as the first report of complete chemical 
profiles of both oils.

Key words: Dryobalanops aromatica; essential oils; leaf; seed; hydro-distillation; GC-MS; 
oxygenated monocyclic monoterpenes; α-terpineol; bicyclic monoterpene; oxygenated bicyclic 
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1 Biology Programme, Faculty of Science, Universiti Brunei Darussalam, Tungku Link Road, Bandar Seri Begawan  BE 
1410, Negara Brunei Darussalam

2 Department of Pharmacognosy, Faculty of Pharmacy, Anadolu University, 26470 Eskisehir, Turkey
3 Badebio Ltd., Technopark of Anadolu University, 26470 Eskisehir, Turkey
* Corresponding author (e-mail: kamariah.salim@ubd.edu.bn)



106

ASEAN Journal on Science and Technology for Development, 29(2), 2012

The uses of the wood and camphor of 
D. aromatica in both eastern and European 
medicines have been well documented (Burkill 
1966; Perry 1980; Siang 1983; Duke & Ayensu 
1985). The camphor has also been used by 
the Malays and the Sumatran people in the 
ceremonial purification of dead bodies and 
their preservation until burial (Burkill 1966). 
A mixture of the volatile oils of D. aromatica, 
Piper longum, Santalum album, Asarum 
sieboldi and Alpinia officinarum is said to 
be effective in the treatment of acute anginal 
attack (Guo et al. 1983). The methanol extract 
of the wood is also shown to have antifungal 
properties (Hong & Abdul Razak 1983; Kim 
et al. 2005). 

Chemical examination on the oleo-resin 
of D. aromatica shows that it consists of 35% 
terpenes (including pinene), 10% alcohols 
(including borneol), 20% sesquiterpenes and 

35% resin (Burkill 1966, p. 881). The resin 
consists mainly of triterpenes (Cheung & 
Wong 1972) and the oxygenated derivatives of 
asiatic acid as minor constituents (Cheung & 
Tokes 1968). The camphor consists of borneol, 
camphor, camphene, sesquiterpenes and 
terpineol (Perry 1980, Duke & Ayensu 1985), 
while the wood extracts contain largely terpenes 
and fatty acids (Ali & Koh 1991). However, 
an earlier distillation attempt on the leaves 
in 1910 yielded little oil and no details were 
provided (Burkill 1966, p. 881). A later attempt 
at distilling the leaves and twigs showed that 
no oil or borneol was obtained (Eaton 1925). 
Since then, there has not been any study on 
the essential oils in the leaves of this plant. In 
addition, no published work can be traced with 
reference to the volatile oil of its seed. The 
lack of information and details on both the leaf 
and seed oils of D. aromatica prompted us to 
undertake this investigation.

Figure 1. Dryobalanops aromatica Gaertn. (Bornean Camphor-Tree), a popular timber species today, 
was once well-known for its camphor.
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Thus, the present study aims to identify and 
document fully for the first time the chemical 
constituents present in the essential oils 
obtained from the fresh leaves and seed of D. 
aromatica. This study may allow us to identify 
potential uses and better utilization of these 
plant parts which are usually discarded when 
the tree is harvested for its timber.

EXPERIMENTAL

Plant Material
Fresh leaves (Figure 2A) and seed (Figure 2B) 
of D. aromatica were collected from the Bukit 
Sawat forest in the Belait District of Brunei 
Darussalam. The species was identified by the 
author, Dr Kamariah Abu Salim and confirmed 
by Awang Ariffin Abdullah Kalat of the Brunei 
National Herbarium (BRUN), Sg. Liang. A 
voucher specimen bearing reference no. SN-
B000340 was deposited at BRUN.

Isolation of Essential Oils
Immediately, after collection, the fresh leaves 
and seed were subjected to hydro-distillation 
in a Neo-Clevenger apparatus for 4 h. The 

oils were collected in dark brown glass vials 
and stored at 4°C until further analysis. The 
percentage compositions of the oils were 
calculated based on the fresh weight of the 
respective plant parts.

Properties of Essential Oils
Oil density was determined by using a 
piknometer, refractive index by a Shimadzu 
Bausch and Lomb Abbe refractometer, and 
optical rotation by an Onel Pol S-2 polarimeter.

Gas Chromatography-mass Spectrometry 
(GC-MS analysis)
GC-MS analysis of the oils was carried out on 
a Hewlett Packard GCD system. Separation 
was performed in an Innowax fused silica 
capillary (FSC) column (60 m × 0.25 mm id; 
0.25 mm film thickness). Helium at a flow rate 
of 1 ml min–1 was used as the carrier gas. The 
temperature of the GC oven was initially set at 
60°C for 10 min, and then increased at a rate 
of 4°C min–1 to 220°C. It was held isothermally 
at 220°C for 10 min, programmed to 240°C at 
a rate of 1°C min–1, and finally maintained at 

 

Figure 2. Dryobalanops aromatica Gaertn (A) fresh leaves and (B) fresh fruit.
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240οC for 20 min. Split injection was conducted 
at a flow rate of 50 ml min-1 with a split ratio of 
50:1. The temperature of the injector was set at 
250οC and the ionization energy was 70 eV. The 
mass range was from 35 to 425 m/z.

Determination of Essential Oil 
Composition
Chemical identification of the different 
components of the oils was based on their 
retention times and comparison of their 
mass spectra with those of the Wiley GC-
MS Library and a home-made library (Baser 
Library of Essential Oil Constituents). The 
relative percentage composition of the volatile 
compounds was calculated from the Total Ion 
Chromatogramme (TIC), assuming that the 
relative response factor was equal to 1.

RESULTS AND DISCUSSION

Yields and General Considerations
The yields and physico-chemical properties 
of the leaf and seed oils of D. aromatica are 
shown in Table 1.

Although the density, refractive index 
and optical rotation of both oils appear to 
show very little difference, the oil yield of 
the seed was significantly (twenty-nine times) 
higher than that of the leaves. Thus, the seeds 
are a better source of oil than the leaves. 
However, the higher oil yield from the seed 
may not necessarily prove to be of significant 
importance for commercial exploitation 
because the trees only flower and fruit once in 
every 3–4 years. In addition, the conservation 

status of the species must be considered and 
given a priority in any attempt to exploit the 
seed for commercialization of the oil. It may 
be better for the discarded seed (when present) 
during timber extraction to be collected for 
propagation and re-planting purposes.

The low percentage of oil yield from the 
leaves seems to be in agreement with earlier 
work carried out when negligible (Burkill 1966, 
p. 881) or no yield at all was obtained (Eaton 
1925). Thus, any commercial exploitation 
of discarded leaves for the oil during timber 
harvest needs to take into account this low 
yield, available resources and the cost of 
production.

Chemical Composition
The identified compounds in the oils of D. 
aromatica leaves and seed, their relative 
amounts and their retention indices (Kovat’s 
Indices for Polar Column) are shown in Table 2. 

The leaf oil contains 84 compounds 
representing 92 % of the total oil. α-terpineol 
(16%), terpinen-4-ol (15%), globulol (8%) and 
α-pinene (7%) were  the major constituents. The 
seed oil contains 31 compounds representing 
100% of the total  oil ,  with the major 
constituents being α-pinene (41%), α-thujene 
and β-pinene (13% each), sabinene, limonene 
and bicyclogermacrene (6% each), and myrcene 
(5%).  These compounds are probably the 
most significant volatile compounds that 
characterize the overall scent of the two oils. 
They are also common ingredients in perfumes, 
food products, cosmetics and medicines. 

Table 1. Physico-chemical properties of leaf and seed oils from Dryobalanops aromatica Gaertn.

Properties Leaf oil Seed oil
Yield [% (w/w) by fresh weight] 0.065 1.893
Colour Clear, golden yellow Clear, colourless 
Density (d20) 0.893 0.853
Refractive index (nD

20) 1.476 1.467
Optical rotation (αD

20) –10.103 –11.056
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Table 2.  Percentage composition and retention index (RI) of the compounds identified 
in the essential oils of fresh leaves and seed of Dryobalanops aromatica Gaertn., in 

order of their elution in a FSC column; tr = trace (< 0.1 %).

Peak no. Compound
Peak area (%)

RI
Leaves Seed

1 a-Pinene 6.9 40.8 1032
2 a-Thujene 2.0 12.9 1035
3 Camphene 0.1 0.3 1076
4 β-Pinene 2.3 12.7 1118
5 Sabinene 0.2 6.4 1132
6 Myrcene 1.1 4.9 1174
7 a-Terpinene 0.3 0.3 1188
8 Limonene 3.0 6.0 1203
9 1, 8-Cineole – 0.2 1213

10 β-Phellandrene 0.3 0.7 1218
11 g-Terpinene 1.1 0.9 1255
12 (E)-β-Ocimene 0.1 0.2 1266
13 p-Cymene 0.8 0.2 1280
14 Terpinolene 0.8 0.8 1290
15 6-Methyl-5-hepten-2-one tr – 1348
16 Hexanol 0.4 – 1360
17 (Z)-3-Hexenol 0.3 - 1391
18 a-Fenchone 0.1 – 1406
19 (E)-2-Hexenol tr – 1412
20 a-p-dimethylstyrene 0.2 – 1452
21 Fenchyl acetate tr – 1482
22 Bicycloelemene – 0.1 1495
23 a-Copaene 0.3 0.1 1497
24 Camphor 0.6 – 1532
25 Isopinocamphone 0.1 – 1562
26 (E)-p-menth-2-en-1-ol 0.1 tr 1571
27 Fenchyl alcohol 0.2 – 1591
28 (E)-β-Bergamotene 0.1 – 1594
29 a-Guaiene 0.2 tr 1597
30 Terpinen-4-ol 15.0 – 1611
31 β-Caryophyllene 3.6 4.3 1612
32 Aromadendrene 0.2 0.1 1628
33 (Z)-p-menth-2-en-1-ol 0.1 – 1638
34 Alloaromadendrene 0.2 tr 1661
35 p-Mentha -1, 5-dien-8-ol 0.1 – 1678
36 a- Humulene 3.1 0.7 1687
37 p-Mentha-1, 8-dien-4-ol tr – 1700
38 g-Muurolene 0.2 – 1704
39 a-Terpineol 15.8 0.2 1707
40 Ledene 1.0 0.1 0.1
41 Borneol 0.6 - 1719
42 Verbenone 0.3 – 1725
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43 Germacrene D 0.2 0.3 1726
44 Carvenone 0.1 – 1737
45 (E)-p-menth-2-en-1, 8-diol 0.2 – 1740
46 a-Muurolene 0.3 – 1740
47 a-Selinene 0.1 – 1740
48 Piperitone 0.1 – 1748
49 Bicyclogermacrene 1.7 5.9 1755
50 (E,E)-a-Farnesene 0.1 – 1758
51 δ-Cadinene 0.2 – 1776
52 g-Cadinene 0.1 – 1776
53 (Z)-p-menth-2-en-1, 8-diol 0.1 – 1797
54 Myrtenol 0.1 – 1804
55 p-Mentha-1, 3-dien-7-al 0.1 – 1811
56 (E)-Carveol 0.1 – 1845
57 (Z)-Calamenene 0.1 – 1853
58 p-Cymen-8-ol 0.6 – 1864
59 Hexanoic acid 0.1 – 1871
60 a-Calacorene-1 0.2 – 1941
61 Palustrol 0.7 – 1953
62 (E)-12-Norcaryophyll-5-en-2-one 0.1 – 1984
63 Caryophylleene oxide 0.6 – 2008
64 Epiglobulol 0.5 – 2033
65 Humulen epoxide - I 0.1 – 2045
66 (E)-Nerolidol 0.1 – 2050
67 Ledol 0.6 – 2057
68 Humulen epoxide-II 0.4 – 2071
69 Unknown-I 4.0 – 2077
70 Cubenol 0.1 – 2080
71 1-Epi-cubenol 0.2 – 2088
72 Globulol 8.2 0.2 2098
73 Viridiflorol 3.8 0.1 2104
74 Spathulenol 1.0 0.1 2144
75 Neointermedeol 0.3 – 2153
76 β-Bisabolol 0.9 – 2170
77 T-Cadinol 0.4 – 2187
78 T-Muurolol 0.5 – 2209
79 δ-Cadinol 0.3 – 2219
80 Isospathulenol 0.1 – 2228
81 (E)-a-bergamotol 0.9 tr 2247
82 a-Cadinol 0.8 – 2255
83 Selin-11-en-4-a-ol 0.2 tr 2273
84 Caryophylla-2(12), 6(13)-dien-5-α-ol 0.2 – 2324
85 Caryophylla-2(12), 6-dien-5-β-ol 0.1 – 2392
86 Hexadecanoic acid 0.6 – 2931

Table 2 (Cont.).  Percentage composition and retention index (RI) of the compounds 
identified in the essential oils of fresh leaves and seed of Dryobalanops aromatica 

Gaertn., in order of their elution in a FSC column; tr = trace (< 0.1 %).
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α-thujene, β-pinene, limonene, γ-terpinene, 
β-caryophyllene,  α-humulene,  ledene, 
bicyclogermacrene, viridiflorol, spathulenol 
and an unknown compound were also present 
but in quantities ≤ 4% each in the leaves, whilst 
only β-caryophyllene was present in similar 
quantity in the seed of the plants. The earlier 
attempt (Eaton 1925) at distillation of the leaves 
of this species reported that no borneol was 
obtained, but this study showed its presence in 
the leaf oil although in a low quantity (0.6%).  
Compounds such as camphene, terpineol and 
pinene which have been reported to be present 
in the camphor and oleo-resin of the plant 
(Perry 1980; Duke & Ayensu 1985) were also 
found in this study. 

The essential oils from the seed and leaves 
of D. aromatica showed important similarities 
because out of the 85 identified compounds, 
29 (1–8, 10–14, 23, 26, 29, 31, 32, 34, 36, 39, 
40, 43, 49, 72–74, 81 and 83, see Table 2) were 
common in both leaves and seed although in 
different quantities. However, some specific 
compounds allowed for the differentiation of 
the two essential oils. Indeed, 55 compounds 
(15–21, 24, 25, 27, 28, 30, 33, 35, 37, 38, 
41, 42, 44–48, 50–71, 75–80, 82, and 84–86) 
including an unknown were found only in the 
leaves and not in the seed, while 2 compounds 
(9 and 22) were found only in the seed and not 
in the leaves. This pattern of findings has been 
similarly obtained in many studies of plant 
species involving different organs  (Rehder 
et al. 2006; Ghasempour et al. 2007; Bhuiyan 
et al. 2009; Chowdhury et al. 2009). Thus, 
common volatile compounds were found to be 
non-uniformly distributed in different organs 
of D. aromatic, whilst the different volatile 
compounds accumulated could be the result of 
various metabolic processes in the specific cells 
or vessels of these organs.

Chemical Classification
Table 3 shows the identified volatile compounds 
listed by chemical class, which to some 

degree reflects their biosynthetic origin. Out 
of the 85 identified compounds, 5 were fatty 
acids and their derivatives, 79 isoprenoids 
and 1 benzenoid.  The presence of fatty acids 
and isoprenoids, in particular terpenes and 
sesquiterpenes, had been recorded in the oleo-
resin, camphor, resin and wood extract of this 
species (Burkill 1966; Cheung & Wong 1972; 
Perry 1980; Duke & Ayensu 1985; Ali & Koh 
1991). In this study, the fatty acids and their 
derivatives were found in the leaf oil only, and 
were represented by C6 compounds, mainly 
acids and alcohols, which made up 1.4% of 
the oil. In plants, fatty acids are synthesized 
in chloroplasts from acetyl-CoA and malonyl-
CoA in repetitive reactions that result in 
longer molecules (Cseke et al. 2006). The 
alcohols which give the characteristic `green’ 
note or odour of the leaves are biosynthesised 
from α-linolenic and linoleic acids via their 
respective hydroperoxides (Stone et al. 1975; 
Hatanaka et al. 1987; Hatanaka 1993).

The isoprenoids  in  both  leaf  and 
seed oils were mainly monoterpenes and 
sesquiterpenes, and their derivatives. The 
amount of monoterpenes and their derivatives 
was higher in the seed oil (87.5%) than in the 
leaf oil (53.4%). However, the sesquiterpenoid 
fractions were higher in the leaf oil (33%) 
than in the seed oil (12%). Previous work 
on the oleo-resin of this plant recorded the 
presence of 20% sesquiterpenes, an amount 
which lies in between the contents of leaf 
and seed oils in this study.  In the leaf oil, 
oxygenated monocyclic monoterpenes (32%) 
and oxygenated bicyclic sesquiterpenes (20%) 
dominated whilst bicyclic monoterpenes 
(73%) and bicyclic sesquiterpenes (11%) 
formed the major isoprenoids in the seed. Most 
isoprenoids can be traced back to geranyl- or 
farnesyl- pyrophosphates (Croteau & Karp 
1991). The isoprenoids are synthesized in 
cytosol from acetyl-CoA via the mevalonic 
pathway as well as in plastids from pyruvic 
acid and glyceraldehydes-3-phosphate via 
1-deoxy-D-xyluluose-5-phosphate (DOXP) and 
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2-C-methyl-D-erythritol-4-phosphate (MEP) 
(Eisenreich et al. 1998; Kuzuyama 2002; 
Dubey et al. 2003; Eisenreich et al. 2004).

The  i r regu la r  t e rpene ,  6 -methy l -
5-heptene-2-one, occurred in a negligible 
amount. Similarly, the only benzenoid, α-p-
dimethylstyrene, was also present in a very 
small quantity.

CONCLUSION
This study provides the complete chemical 
profiles of the essential oils obtained from 
the fresh leaves and seed of D. aromatica.  
The essential oils of both leaves and seed 
of D. aromatica were particularly rich in 
monoterpenes. Sesquiterpenes were present 
in both oils in lower amounts whilst fatty 
acids and benzenoid were present in minute 

Table 3. Classes of volatile compounds identified from fresh leaves and seed of  
D. aromatica Gaertn.; tr = trace (< 0.1 %)

Class of compounds
Peak area (%)

Leaves Seed
Fatty acids and derivatives 

Acids (59 & 86) 0.7 –
Alcohol (16, 17, 19) 0.7 –
Total % 1.4 –

Isoprenoids
Irregular terpene (15) tr –

Monoterpenes and derivatives
Acyclic monoterpenes (6, 12) 1.2 5.1
Monocyclic monoterpenes (7, 8, 10, 11, 13, 14) 6.3 8.9
Oxygenated monocyclic monoterpenes (9, 26,30, 33, 35, 37, 39, 44, 45, 48, 
53, 55, 56, 58)

32.4 0.4

Bicyclic monoterpenes (1, 2, 3, 4, 5) 11.5 73.1
Oxygenated bicyclic monoterpenes (18, 21, 24, 25, 27, 41, 42, 54) 2.0 –
Total % 53.4 87.5

Sesquiterpenes and derivatives
Acyclic sesquiterpenes (50) 0.1 –
Oxygenated acyclic sesquiterpenes (66) 0.1 –
Monocyclic sesquiterpenes (36, 43) 3.3 1.0
Oxygenated monocyclic sesquiterpenes (65, 68, 76) 1.4 –
Bicyclic sesquiterpenes (22, 23, 28, 29, 31, 32, 34, 38, 40, 46, 47, 49, 51, 
52, 57, 60)

8.5 10.6

Oxygenated bicyclic sesquiterpenes (61, 62, 63, 64, 67, 70, 71, 72, 73, 
74, 75, 77, 78, 79, 80,
81, 82, 83, 84, 85) 19.6 0.4
Total % 33.0 12.0

Benzenoid
(20) 0.2 –

Unknown
(69) 4.0 –
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concentrations in the leaf oil only.  The 
study concluded that D. aromatica was a 
good source of aromatic oil which contained 
important chemical components well-known 
in the flavour, fragrance, food, cosmetics 
and pharmaceutical industries. However, the 
commercial extraction of either the essential oil 
or favoured component(s) of these oils might 
not be viable due to the low yield of the leaf oil, 
and the infrequent fruiting and seed production 
pattern of the species. 
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Over the years, studies on two-phase (gas-
liquid, liquid-liquid) flows have accelerated 
because understanding the two-phase flow 
phenomenon becomes more and more 
important and necessary in scientific and 
industrial applications. In many works of 
research, the characteristics of two-phase flow 
have been investigated by using theoretical 
and experimental approaches. Numerous 
theoretical models and empirical correlations 
have also been developed for predicting two-
phase pressure drop. However, no general 
model reliably predicts the two-phase flow 
pressure drop because of the complexity of 
phase interaction, motion and deformation of 
the interface between phases, as well as non-
linearity characteristics. Therefore, by trial and 
error, many researchers are developing new 
models and testing these for predicting two-
phase flow pressure drop in attempts to improve 
the accuracy of prediction. 

The homogenous model is one of the oldest 
models and provides the simplest technique 

for analyzing two-phase (or multiphase) flows. 
The homogeneous model considers two-phase 
flow as a single-phase flow having average 
fluid properties which depend upon mixture 
quality. Here, many averaging methods have 
been used to find the mixture properties 
(especially mixture viscosity) which strongly 
influence two-phase flow pressure drop. In a 
literature review, it was found that many of the 
mixture viscosity models were developed for 
use in a homogeneous two-phase flow model. 
Using different mixture viscosity models 
will result in different predictions. Although 
mixture viscosity models (or mixture viscosity 
correlations) have been extensively developed 
in the past, little attention has been paid to the 
comparison of these various models. Somchai 
Wongwises (2008) examined the applicability 
of several widely used viscosity models to 
pressure drop prediction in air-water flow 
through a 0.53 mm diameter micro channel. 
Awad (2008) examined the error of existing 
viscosity models in predicting pressure drop 
for various refrigerants (R12, R22, R740, 

Evaluation of Mixture Viscosity Models in the 
Prediction of Two-phase Flow Pressure Drops

N. Z. AUNG1* AND T. YUWONO2

Nine existing mixture viscosity models were tested for predicting a two-phase pressure drop for 
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R717, etc.) in micro and mini channels, and he proposed new definitions for two-phase mixture 
viscosity by using an analog between thermal conductivity. The prediction of pressure drop using 
the homogeneous model is reasonably accurate only for bubble and mist flows because the entrained 
phase travels at nearly the same velocity as the continuous phase. Besides, if the density ratio 
(ρL/ρG) approaches 1 (i.e. nearly equal densities), the homogeneous model is also applicable for 
predicting pressure drop. 

Previous work has studied viscosity models only for air-water two-phase flow and refrigerant 
two-phase flow in micro and mini channels. In pipeline-conveying systems, one of the most common 
but least understood phenomenon is the mixing behaviour of two immiscible liquids, especially oil 
and water. Accurate prediction of the viscosity of an oil-water mixture is essentially needed for the 
calculation of frictional pressure drop for pipeline design purposes. In addition, the reliability level 
of some existing mixture viscosity models should be examined, and these should be categorized 
in their use for liquid-liquid flow and gas-liquid flow. Some attempts have been made to compare 
reliabilities of mixture viscosity models for some types of refrigerants but not for R134a.

Therefore, the objective of this work is to investigate the influence of mixture viscosity models 
in the prediction of pressure drop for both liquid-liquid two-phase flow (oil-water) and gas-liquid 
two-phase flow (refrigerant, R134a) in micro-, mini- and large-diameter circular pipes.

HOMOGENEOUS TWO-PHASE FLOW MODEL
In the homogeneous model, the fluids are characterized by a fluid that effectively has suitably 
averaged properties of the two phases in the pipe. This is also known as the No-Slip Model. It is 
assumed that there is no velocity difference between the phases and so the two fluids flow at the 
same velocity. 

By assuming no heat and mass transfer for the homogeneous model, the pressure gradient can 
be written as the sum of three pressure gradient components, namely, due to friction, gravity and 
acceleration:

– ( dp ) = 2fh ρh
U2

 + ρh g sin (θ) + 
d

ρG
U 2

+ ρL
U 2

(1)m SG SL

dz total 2 dx αG αL

Normally, the contribution of momentum pressure drop is very small. To simplify the theory in 
analytical predictions, momentum pressure drop in Equation 1 will be ignored, and, for horizontal 
flow, pressure drop by elevation difference is zero. The void fraction based on the homogeneous 
model (αh) can be expressed as follows:

αh = βG = 
QG  = 

USG (2)
QG + QL Um

The homogeneous void fraction can also be expressed in terms of mass quality (x):

αh = 
1

(3)1 + ( 1 – x ) ( ρG )x ρL
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For the homogeneous model, the homogeneous density of two-phase flow (ρh) can be expressed 
as:

ρh = αG ρG + αL ρL (4)

or it can be expressed in terms of mass quality (x):

ρh = ( x
+

1 – x ) (5)ρG ρL

The mixture viscosity is defined as:

Um = USG + USL (6)

In the above equations, the required basic parameters can be calculated as follows:

x = 
GG (7)
Gtot

USG = 
GG (8)
ρG

USL = 
Gtot – GG (9)

ρL

The Reynolds number based on the homogeneous model can be expressed as:

Reh = 
D ρh Um =

Gtot D (10)μh μh

The required Fanning friction factor can then be calculated from Blasius correlation:

f = 
16

Re ≤ 2300

(11)
Re

f = 0.079 Re > 2300
Re

where, μh in Equation 10 is two-phase mixture viscosity. Several two-phase viscosity models 
proposed by different researchers are given in Equations 12–20, shown below:

Owen’s model (1961) μh = μL (12)

McAdams et al.’s model (1942)
1

=
x

+
(1 –x)

(13)μh μG μL

Lin et al.’s model (1991) μh =
μL μG (14)μG + x1.4 (μL – μG)

Cicchitti et al.’s model (1960) μh = xμG + (1 – x)μL (15)
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Dukler et al.’s model (1964) μh = βGμG + (1 – βG)μL (16)

Beattie and Whalley’s model (1982) μh = βGμG + (1 – βG)(1 + 2.5βG)μL (17)

Fourar and Bories model (1995) μh = ρh 1xv x vG L+ -^a h k (18)

Davidson et al.’s model (1943) μh = μL 1 – x ( ρL  – 1 ) (19)ρG

García et al.’s model (2003) μh = μL ( ρh ) (20)ρL

INVESTIGATION PROCEDURE
Predicted two-phase pressure drops were calculated by using the homogeneous two-phase flow 
model with variation of the mixture viscosity models from Equations 13 to 20. For oil-water 
two-phase flow, the experimental data were obtained from Angeli (2006). For refrigerant (R134a) 
two-phase flow, data on experimental pressure drop were obtained from Kattan (1996) and Thome 
(2006). Details on the experimental setup and strategies of measurements are given in (Angeli 2006), 
(Kattan 1996) and (Thome 2006). The required fluid properties were taken from the experiments 
and shown in Tables 1, 2 and 3.

To determine the effect of the mixture viscosity models, only frictional pressure drops from 
the experimental data were used to compare with the predicted data. Good agreement between the 
experimental data and predicted data when using the well-known viscosity models was defined by 
having a low root mean square (rms) error.

The error (ε) from applying a model to each available data point is defined as:

ε (%) =
Predicted – Experimental

× 100 (21)
Experiment

For groups of data, the root mean square error, erms, is defined as:

1/2

(22)εrms =
1

k

N

1=

/ ε 2

N k

Table 1. Properties of oil and water at T = 25°C.

Liquid Oil Exxsol D140 (Exxon Chemicals) Water
Density (kg/m3) 828 998

Viscosity (N.s/m2) 0.0055 0.000993
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RESULTS AND DISCUSSION

Oil-water Two-phase Flow
Comparisons of the predicted frictional 
pressure gradients and published experimental 
data are shown in Figure 1 and Figure 2. 
The experimental data taken from Angeli 
(2006) frictional pressure gradients for a 
mixture velocity of 1.5 m/s and volumetric 
oil concentration between 10% and 90%. 
According to his definition, the mixture 
viscosity models can be classified into two 
groups. The first group [Group I] satisfies the 
following conditions:

if x = 0 μh = μL

if x = 0 μh = μG

Group I includes Equations 13–18.

The second group [Group II] includes 
Equations 12, 19 and 20 which do not satisfy 
the above conditions.

The results of this work show that Group II 
mixture viscosity models gave fair predictions 
which had the same trends as the experimental 
data. In Group II, García et al.’s model (2003) 
had a good agreement with the experimental 
data. Group I mixture viscosity models has 

different trends compared with the experimental 
data, i.e. Group I’s predictions gave increasing 
values while the experimental data showed 
decreasing values with an increase in oil 
concentration. 

Predictions by Group I models were 
theoretically correct. When the volumetric oil 
concentration becomes higher, the mixture 
viscosity will increase and that will raise the 
pressure gradient. However, the experimental 
data on pressure gradient decreased with an 
increase in oil concentration. Angeli (2006)
said that the reason of the decreasing pressure 
gradient is because of high in situ water fraction 
at an upward inclination. Therefore the mixture 
viscosity is still close to water viscosity even 
when oil concentration becomes high. This is 
noteworthy for oil-water two-phase flows. 

For liquid-liquid two-phase flow, García 
et al.’s model (2003) was the most appropriate 
one (especially for upward inclined flow). 
Unfortunately comparison of the predicted data 
and experimental friction pressure drops in 
horizontal oil-water flow could not be reported 
in this work. However, it is reasonable to say 
that the frictional drops in inclined flow and 
horizontal flow are not so different. 

Table 2. Properties of refrigerant R134a at Tsat = 4°C

Fluid Refrigerant, R134a
(Liquid)

Refrigerant, R134a
(Vapour)

Density (kg/m3) 1282 16.7
Viscosity (N.s/m2) 0.000254 0.000011

Table 3. Properties of refrigerant R134a at Tsat = 30°C

Fluid Refrigerant, R134a
(Liquid)

Refrigerant, R134a
(Vapour)

Density (kg/m3) 1188 37.5
Viscosity (N.s/m2) 0.000181 0.0000119
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Figure 1. Predicted and experimental frictional pressure gradients for oil-water two-phase flow 
at Um = 1.5 m/s, +10° inclination (Angeli 2006).
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The εrms values of each model are shown in 
Table 4 in order of increasing error. It can be 
seen that for liquid-liquid flows with nearly the 
same densities (i.e. ρL/ρG @ 1), Group II mixture 
viscosity models made good predictions. From 
Group I, Lin et al.’s model gave the smallest 
value of εrms.

From this study, it is shown that for liquid-
liquid two-phase flows, making the assumption 
that the viscosity of the continuous phase is the 
same as the mixture viscosity can be considered 
reasonable until the medium range of dispersed 
phases’ concentration.

Refrigerant (R134a) Flow 
For refrigerant (R134a) two-phase flow, the 
experimental data from Kattan’s work (1996) 
were obtained by performing experiments 
in 10.92 mm and 12 mm diameter circular 
horizontal pipes.  In this study, comparisons 
were made with the experimental data for 
D = 10.92 mm and Gtot = 300 kg.s-1.m-2 with 
variations in vapour quality. The comparisons 
are shown in Figure 3 and Figure 4. For gas-
liquid flow, most of the mixture viscosity 
models gave underestimated values. All the 
mixture viscosity models in Group I had nearly 
the same predictions and εrms around 50%. For 
gas-liquid flow, Cicchitti et al.’s model (1960) 
and Fourar and Bories model (1995) gave 

relatively better predictions although they had 
very high errors in their predictions for oil-
water flow.

It can be observed that Davidson et al.’s 
model (1943) was not very suitable for predicting 
gas-liquid two-phase flow because it had a very 
high error term. From this definition, it can be 
seen that Davidson et al.’s model (1943) was 
suitable for two-fluid flow where ρL/ρG @ 1. 
García et al.’s model (2003) gave very low 
predictions with an error of 66.64%. Therefore, 
Group II viscosity models (except Owen’s 
model (1975) are less preferable for pressure 
drop prediction in gas-liquid two-phase flows.

From this study, it is shown that it is 
convenient to use Owen’s viscosity model 
(1961) in both liquid-liquid flow and gas-liquid 
flow because of it gives fair predictions for 
both types of flow. The εrms values from each 
viscosity model in predicting gas-liquid two-
phase flow are shown in Table 5.

DEFINING A NEW MIXTURE VISCOSITY 
MODEL FOR GAS-LIQUID FLOW

In previous mixture viscosity models, the 
homogeneous viscosity decreases with 
increasing gas concentration. This gives a 
high error in estimation. Actually, at low gas 
concentrations, the viscosity of the gas has no 

Table 4. εrms from each mixture viscosity model for oil-water flow.

No. Mixture viscosity model erms (%)
1 García et al.’s model 20.3271
2 Owen’s model 22.8621
3 Davidson et al.’s model 25.6263
4 Lin et al.’s model 37.8751
5 McAdams et al.’s model 42.7214
6 Cicchitti et al.’s model 63.0710
7 Dukler et al.’s model 64.9552
8 Beattie and Whalley’s model 70.1044
9 Fourar and Bories’ model 83.8308
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Figure 3. Predicted and experimental frictional pressure gradients for R134a two-phase flow 
Gtot = 300 kg.s-1.m-2, D= 10.92 mm (Kattan 1996).
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significant contribution and the viscosity of the liquid is still dominant in the mixture. Thus, Owen’s 
viscosity model (μh = μL) is an acceptable model for gas-liquid flow.

In fact, the homogenous flow model can reasonably be used for only bubbly flow and mist flow. 
Therefore, in bubbly flow, the effect of the turbulent characteristics induced by the bubbles should 
not be neglected.  Kashinsky (1992) proved that laminar bubbly flow has turbulent characteristics 
and the wall shear stress becomes (1.5~3 times) higher than in single phase flow, depending on 
bubble size. Therefore, it is reasonable to define the new mixture viscosity model by including 
turbulent viscosity even if the flow is laminar.

μh = μL + μT (23)

Sato et al. (1975) introduced bubble-induced turbulent viscosity as follows:

μT = CμρL
k2

+ Cμb ρL αG dB UG – UL (24)e

By assuming homogeneous (UG = UL) flow, the second term of Equation 24 is zero. Therefore,

μh = μL + CμρL
k2

(25)e

According to the experimental data of Kashinsky (1992), τW (two phase) = (1.5 ~ 3) × τW (single phase) 
depending on bubble size; therefore, it is reasonable to make definitions that

μh = (1.1 ~ 2) μL (26)

which is higher than Owen’s viscosity model by including turbulent viscosity from 10% to 100% . 
The proposed mixture viscosity model was tested to predict the data of Kattan (1996). A comparison 
of the data is shown in Figure 5, while εrms values are given in Table 6.

Table 6. εrms from each mixture viscosity model for refrigerant R.134a flow.

No. Mixture viscosity model erms (%)
1 Owen’s model 28.294
2 Definition 1 ( µ h = 1.1 µ L) 27.577
3 Definition 2 ( µ h = 1.3 µ L) 26.572
4 Definition 3 ( µ h = 1.5 µ L) 26.096
5 Definition 4 ( µ h = 1.7 µ L) 26.024
6 Definition 5 ( µ h = 2 µ L) 26.472

It can be seen that definition 4 from Equation 26 gave the lowest εrms. However, Equation 26 
should be used in a limited range of gas concentrations because when the gas concentration becomes 
high, the viscosity of gas will be significantly involved in the mixture viscosity. Therefore, by 
choosing definition 4, it is desirable to define the new mixture viscosity model as follows:

μh = 1.7μL (0 < x < 0.6)
(27)

μh = 1.7 [xμG + (1 – x) μL (x > 0.6)
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Figure 6 to Figure 8 show the comparison 
of the experimental data and predicted data 
using Owen’s mixture viscosity model and 
the present viscosity model (Equation 27). 
The experimental data were taken from 
Kattan (1996) and Thome (2006). The data of 
Thome (2006) were obtained from conducting 
experiments for the refrigerant R134a at  
Tsat = 30°C in a micro channel with a diameter 
of 0.509 mm. It can be seen that the present 
mixture viscosity model gave the best predictions 
with the lowest εrms. This proves that defining 
the new viscosity model by taking into account 
turbulent viscosity is very reasonable and 
appropriate for gas-liquid flow. A comparison 
of the mixture viscosity results from some of 
the models are shown in Figure 6 to Figure 8. 
Figure 9 shows the trend of the ratio of mixture 
viscosity to liquid viscosity for each model 
according to mass quality. It can be seen that 
Owen’s model behaved like a datum line, 
showing values above the datum line to be 
higher than liquid viscosity and those below the 
datum line lower than liquid viscosity.

CONCLUSION
A reliable and accurate prediction of mixture 
viscosity is crucial in the evaluation of 
pressure drop for piping system design. An 
underestimation can lead to an insufficiently 
powered design, while an overestimation can 
result in a higher cost for an over-powered 
design. Further impacts include breakdowns 
in operation and effects on operating costs. 
Thus, this study investigated the effectiveness 
of existing mixture viscosity models in two-
phase flow pressure drop prediction. Frictional 
pressure drops of oil-water flow and refrigerant 
(R134a) two-phase flow in micro, mini and 
large diameter pipes were predicted by using 
the homogeneous model with variation of the 
mixture viscosity model. From the results of 
this study, the following conclusions were 
made:

 y Of the two groups of mixture viscosity 
models, Group II is suitable for use in 
pressure drop predictions for liquid-liquid 
flow (i.e. ρL/ρG @ 1). In this group, García 

Fr
ic

tio
na

l p
re

ss
ur

e 
gr

ad
ie

nt
 (P

a/
m

)

Mass quality (x)

0.20.1

2000

3000

4000

5000

6000

7000

8000

9000

0

1000

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Kattan’s experimental data
Owen’s model
Definition 1
Definition 2
Definition 3
Definition 4
Definition 5

Figure 5. Predicted and experimental frictional pressure gradients for R134a two-phase flow 
Gtot = 300 kg.s–1.m–2, D= 10.92 mm (Kattan 1996).



N.Z. Aung & T. Yuwono: Evaluation of Mixture Viscosity Models in the Prediction of Two-phase Flow Pressure Drops 

125

0.20.10
0

0.5

1.0

2.0

3.0

4.0

5.0

1.5

2.5

3.5

4.5

0.3 0.4 0.5 0.6 0.7

Fr
ic

tio
na

l p
re

ss
ur

e 
gr

ad
ie

nt
 (b

ar
/m

)

Mass quality (x)

Thome’s experimental data

Owen’s model

Present model

Figure 6. Predicted and experimental frictional pressure gradients for R134a two-phase flow  
Gtot = 300 kg.s-1.m-2, D= 10.92 mm (Kattan 1996).

0.20.1 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Fr
ic

tio
na

l p
re

ss
ur

e 
gr

ad
ie

nt
 (P

a/
m

)

Mass quality (x)

Thome’s experimental data

Owen’s model

Present model

2000

3000

4000

5000

6000

7000

8000

9000

10000

0

1000

Kattan’s experimental data

Present model

Owen’s model

Figure 7. Predicted and experimental frictional pressure gradients for R134a two-phase flow 
Gtot = 700 kg.s-1.m-2, D= 0.509 mm (Thome 2006).



126

ASEAN Journal on Science and Technology for Development, 29(2), 2012

0.20.10
0

1

2

5

8

3

4

6

7

0.3 0.4 0.5 0.6 0.7

Fr
ic

tio
na

l p
re

ss
ur

e 
gr

ad
ie

nt
 (b

ar
/m

)

Mass quality (x)

Thome’s experimental data

Owen’s model

Present model

Figure 8. Predicted and experimental frictional pressure gradients for R134a two-phase flow  
Gtot = 1000 kg.s-1.m-2, D= 0.509 mm (Thome 2006).

Cicchitti et al.’s model
McAdams et al.’s model

Owen’s model

0.2

0

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

μ h
/μ

L

Present model

Mass quality (x)

0.20.10 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Figure 9. Comparison of mixture viscosity results from various viscosity models.



N.Z. Aung & T. Yuwono: Evaluation of Mixture Viscosity Models in the Prediction of Two-phase Flow Pressure Drops 

127

et al.’s model gives the best predictions 
in oil-water two-phase flow, but it has a 
very high error term in gas-liquid two-
phase flow.

 y Most of mixture viscosity models give 
underestimated values in predicting gas-
liquid two-phase pressure drop. Except 
for Owen’s model, Group II mixture 
viscosity models are not appropriate for 
pressure drop prediction in gas-liquid 
two-phase flow.

 y Owen’s viscosi ty model  gives fair 
predictions in both liquid-liquid flow 
and gas-liquid flow. 

 y Most of existing mixture viscosity models 
assume that the mixture viscosity 
will decrease with increasing gas 
concentration. That is why these viscosity 
models give underestimated predictions. 
At low gas concentrations, the viscosity 
of gas will not contribute significantly 
to the mixture viscosity. Moreover, gas 
bubbles will create turbulent viscosity 
that will increase the mixture viscosity.

 y The present mixture viscosity model is 
defined by including turbulent viscosity. 
It shows the best predictions in gas-liquid 
two-phase flow. 

 y The present mixture viscosity model can 
be strongly recommended for giving the 
best predictions for gas-liquid (which 
have nearly the same physical properties 
as R134a) two-phase flow at low gas 
concentrations.
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Notations
Cμ Constant in turbulent model
D Pipe diameter (m)
d Bubble diameter (m)
e Turbulent dissipation rate (m3/s)
f Fanning friction factor
G Mass flux (kg/m2s)
k Turbulent kinetic energy (m2/s)
P Pressure (N/m2)
Q Flow rate (m3/s)
Re Reynolds number
U Velocity (m/s)
x mass quality
Z Pipe length along horizontal axis (m)

Greek Letters
α Phase fraction
μ Absolute viscosity (Ns/m2)
n Dynamic viscosity (m2/s)

β Phase concentration
e Relative error
ρ Density (kg/m3)
q Inclination angle (degree)
τ Shear stress (N/m2)

Subscripts
B bubble
f friction
G gas
h homogeneous
L liquid
m mixture
SG superficial gas
SL superficial liquid
tot total
T turbulent
W wall

NOMENCLATURE
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Growing concern for waste minimization led 
the construction industry to consider the use of 
agricultural waste in the production of building 
materials. The Philippines, being an agricultural 
country produces considerable amount of 
agricultural waste. As of 1999, generation of 
40 million metric tons of agricultural wastes 
was documented by the Department of Energy 
(Baconguis 2008). This includes wastes from 
sugarcane, coconut, corn, rice and logs. If such 
waste is not be utilized, it will cover a large 
area of landfill.

Thus, the idea of using agricultural wastes 
as a renewable resource became an optimistic 
option to minimize this waste. Different types of 
agricultural waste are viable for a wide variety 
of products including paper, textiles, other fibre-
based materials and wood-based panels such as 
fibreboards and particleboards (Magundayao  
et al. 2006; Macatangay 2010).

Composite panels made from agricultural 
materials are in the same product category 
as wood-based composite panels and include 

Utilization of Agricultural Wastes in the 
Manufacture of Composite Boards

P. M. MACATANGAY1, E. C. MAGUNDAYAO1 AND C. A. M. ROSALES1

Development of useful composite materials out of agricultural waste has become a desirable option 
in recycling. This led to the production of composite boards being used in the construction industry. 
In this paper, three types of available agricultural wastes in the province of Batangas — peanut shells, 
corn husks and banana sheath — were independently utilized in the production of composite boards. 
The raw materials were either air or sun dried, then crushed (for peanut shells) and extracted (for 
banana sheath and corn husks) before mixing with the binder. Urea formaldehyde (UF) was used 
as binder for peanut shells and banana sheaths while cleaned used plastic bags were chopped and 
mixed with corn husks before subjecting to hot compress machine.  For each mat, the following 
proportions were used:1000 gm banana fibres, 500 gm of UF mixed with 250 gm of water; 720 gm 
of crushed peanut shells, 133 gm UF with 12% resin content; 40% corn husks, 60% plastic strips by 
weight. The physical and mechanical characteristics like modulus of rupture (MOR), internal bond, 
face screw head test (FSHT) or Nail Head Pull through (NHPT), water absorption and thickness 
swelling were determined for each board and the results were compared to the values set by the 
Philippine National Standards (PNS).  Based on statistical results, the corn husk-plastic composite 
boards conformed to all parameters in the PNS; the density, thickness swelling, IBS, and NHPT/
FSHT of peanut shell-resin composite boards conformed to the PNS; and the thickness swelling, 
density, MOR and NHPT/FSHT of the banana sheath-UF composite boards conformed to the PNS.
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low-density insulating board, medium-density 
fibreboard, hardboard, and particleboard. More 
so, composite panel binders may be synthetic 
thermosetting resins or modified naturally-
occurring resins like tannin or lignin, starches, 
thermoplastics, and inorganics (Rowell 1996).

Strength properties as well as other 
characteristics suited for their intended uses or 
application for various construction materials 
are prescribed by the Philippine National 
Standard (PNS). These are approved by the 
Bureau of Product Standards. PNS requirements 
for particle boards are shown in Table 1.

In  Batangas State  Univers i ty,  the 
Department of Civil Engineering conducted 
independent studies on the utilization of 
agricultural wastes available in the province. 
These studies focused on the use of corn 
husks, peanut shells and banana sheath as main 
components of composite boards.

Corn Husk
As of 2008, approximately 2,490,000 hectares 
of land in the Philippines were utilized for 
corn production area (Philippines Agriculture 
2003–2009). Farmers typically leave husks 
and stalks behind in the fields as waste 
materials. According to Ohio State University, 
approximately 50 percent of the weight of the 
total corn plant is residue, consisting of stalk, 
leaf, cob and husk. In fact, 10% of dry matter 
residue came from corn husk (Myers 2009).

Corn husk is 80%–87% cellulose material. 
Its tensile properties show that corn fibre has 

the unique advantage of moderate strength but 
with higher toughness, low modulus and higher 
elongation (Reddya & Yang 2005) which makes 
it comparable to existing fibres used for the 
production of fibreboard.

Peanuts Shell
Peanuts are very popular in the Philippines 
but not much attention is given to this crop 
for research and development. Almost 35,000 
metric tons are harvested each year (Palomar 
1998). The shells, which are biodegradable 
and absorbent, can be utilized as animal food 
filler, absorbents, or carriers for pesticides 
or fertilizers, although they are often simply 
landfilled (Bieak & George 2003; “Hulls” 
AgTech 2002).

Dried, ground peanut hulls were found 
to contain 34.56% lignin, 39.42% cellulose, 
73.98% acid detergent fibre and 86.16% neutral 
detergent fibre (Childs & Abajian 2006). This 
characteristic is comparable to wood which is 
composed of fibres of cellulose (40%–50%) 
and hemicellulose (15%–25%) held together 
by lignin (15%–30%), 60% crude fibre, 7% 
protein and 3% ash (University of Minnesota 
Extension N.D.).

Banana Sheath
As of 2004, 5.9 million farm households were 
depending on banana as their source of income. 
Banana is still the leading fruit crop in terms 
of area, volume and value of production. The 
national average yield is 9.4 tons per hectare 
while corporate plantations produce 40 tons 

Table 1. Particleboard properties set by the Philippine National Standards (1987).

Type
MOR IB FSHT/Density WA TS
(Min- (Min- NHPT (Max-%) (Max-%)

(kg/cm2) (kg/cm2) (kg) (g/cc)
200 180 5 30–50 0.4–0.8 30 20
150 140 3 30–50 0.4–0.8 30 20
100 80 2 30–50 0.4–0.8 30 20
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per hectare. It is a widely grown fruit in the 
country, planted as a component of farming 
system or as a main crop in large plantations in 
Mindanao. It is an important source of income 
for small farmers who constitute 80% of the 
banana growers (Rivera 2004).

Banana has different plant parts that could 
be good sources of various industrial products, 
aside from its fruit, its main product. The plant’s 
psuedostem or trunk contains fibre that can be 
manufactured into rope, sack and mat. Pablo 
(1975) cited in his study that banana stalk is a 
potential source of material for the production 
of boards.

OBJECTIVES
This study aims to present the characteristics of 
composite boards produced using agricultural 
waste. Specifically, the study aims to:

 y Present the individual characteristics of 
composite boards in terms of their (a) 
physical characteristics, and (b) mecha-
nical properties

 y Compare the properties of the agricultural 
waste composite boards with those 
prescribed by the Philippine National 
Standard (PNS).

MATERIALS AND METHODS
Each of the materials was collected from 
the locality: corn husks were gathered from 
Alitagtag, Batangas; peanut shells from peanut 
butter manufacturing industry in Batangas City; 
banana stalks were harvested from a small scale 
banana plantation in Batangas. These materials 
were sorted cleaned and dried.

Different binding agents were used in the 
composite boards. Corn husk fibreboard used 
waste plastics as binding agent while for the 
peanut shell particle board and banana sheath 
fibreboard, urea formaldehyde (UF) was used.

Banana fibres were extracted from the 
trunks which were soaked in water for a week, 
by pounding using a wooden mallet.  The fibres 
were air dried for one full day.  A set of comblike 
row of pins were used to separate the fibres.  
For five minutes the fibres were oven dried at 
100°C then cut into 5 cm long pieces before 
mixing with UF and shaped into 300 mm by 
300 mm mat.  For each mat 1000 gm of fibres 
were used with 500 gm of powder UF mixed 
with 250 gm of water.

Peanut shells were sun dried until they 
became brittle and crushed using an electric 
food processor. Mats were formed from a 
mixture of 720 grams of crushed peanut shells 
and 133 grams of UF with 12% resin content.

Corn husks were sun dried for three days 
at approximately 30°C – 35°C temperature and 
then cut into about 5 mm wide and 40 mm long 
pieces and mixed with dry plastic strips of the 
same size. A 40% – 60% proportion by weight 
was considered in forming the 30 cm × 30 cm 
× 1.2 cm boards.

The moulded mats were separately placed  
in the Type VH2-749 Kitagawa hot press 
machine for about 20 minutes at a temperature 
of 150°C to achieve a thickness of 12 mm.  
Before testing, the boards were set aside 
for approximately three days then cut into  
5 cm × 5 cm specimen sizes. A 5-ton Shimadzu 
Type RH10 Universal Testing Machine was 
used to test the modulus of rupture, internal 
bond strength and nail head pull through of the 
specimens.

Figure 5 shows the process of production 
of the composite boards. This process was 
recommended and implemented by Forest 
Products Research and Development Institute 
(FPRDI), an agency under the Department 
of Science and Technology (DOST) in Los 
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Figure 1. The hot compress machine used to 
form the boards.

Figure 2. Test for internal bond strength.

Figure 3. Test for modulus of rupture.

Figure 4. Test for screw holding capacity.

Collection of materials
Sorting 
Cleaning
Extraction
Drying

Proportioning of binding agents

Mixing

Mat formation and layering

Hot compression

Composite Board
Corn husk fibreboard

Peanut shell particleboard
Banana sheath fibreboard

Figure 5. Composite boards production 
process.
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Baños, Laguna, Philippines for the production 
of composite boards. This is also where the 
production and test procedures were done for 
the three boards.

Each board utilized different proportions  
of  binding agents.  Table 2  shows the 
proportioning of materials and the binding 
agent used.

Property Testing and Analysis
To determine the different characteristics of 
the specimens produced, the following tests 
and analyses were conducted. Test procedures 
were patterned from the Philippine National 
Standards for Composite Boards (PNS 26). 
Tests performed are shown below.

Physical properties. The process determines 
the length, width, thickness, mass and density 
of the boards. The physical properties were 
determined using a caliper and an analytical 
balance.

Modulus of rupture (MOR). The MOR 
test was performed in order to determine the 
strength against bending using the Universal 
Testing Machine (UTM). The specimen’s 
dimensions were taken and then, force was 
applied using the UTM. The reading from  
the UTM determined the load capacity of the 
board.

The MOR, or bending strength, was then 
obtained using the formula:

MOR (kg/cm2) =
3P × S (1)

2W × T × H 2

where,
P = Ultimate load (kg); S = Length or span 
(cm); W = Width (cm); T = Thickness (cm).

Internal bond strength (IB). Internal Bond 
is a mechanical property of materials referring 
to the tensile strength perpendicular to the plane 
of the board. IB measured the quality of the 
particle-to-particle bonding.

The IB Test was computed using the 
formula:

IB (kg/cm2) =
P (2)
A

where,
P = Load (kg); A = Area of test piece; = Length 
× Width.

Face screw head test (FSHT) / Nail head 
pull through (NPHT). The FSHT or NHPT 
determines the capacity of the board to hold 
a screw. This test was done by fastening two 
screws from the surface on both sides until 
it reached the bottom of the board and then 
subjected to a pulling force from the UTM. The 
screws were drawn vertically from the sample. 

Table 2. Percentage of binding agent per type of board.

Agricultural waste Binding agent Percentage (By desired density)

Corn husk Waste plastics 60% Plastics
Peanut shell UF 12% resin content
Banana sheath UF 47 % UF
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The UTM showed the force required to do 
that. The purpose of using the screw was for its 
mechanical ability, the ability to pass through a 
surface just by turning it, making it much better 
to use than a nail.

The FSHT was determined using the 
formula:

FSHT (kg) =
P1 + P2 (3)

2

where:
P1 = Load on one side (kg); P2 = Load on the 
opposite side (kg).

Thickness swelling (TS) and water 
absorption (WA). TS and WA measure the 
amount of water absorbed by the boards after 
24 hours of soaking. The weight and thickness 
of each specimen were measured before 
submerging them in water. After soaking, 
the specimens were then measured again to 
determine the amount of water absorbed.

TS was determined using the formula:

TS (%) =
Tf – Ti × 100 (4)

Ti

where,
Tf = Final thickness; Ti = Initial thickness.

WA was determined using the formula:

WA (%) =
Wf – Wi × 100 (5)

Wi

where
Wf = Final weight; Wi = Initial weight.

For the comparison of the parameters 
MOR, IB, FSHT/NPHT, thickness swelling 
and water absorption; the statistical tool used 
was one tailed t-test, considering average value 
equivalence or non-equivalence to standard 
value, upper and lower bound tailed t-test were 
considered depending on the value of the PNS.

RESULTS AND DISCUSSION
The observed physical properties of the three 
different boards did not vary significantly.  Both 
the banana sheath and corn husks boards had 
smooth surfaces while the peanut shell board 
was slightly rough; all boards reveal the colour 
of the materials used and were compact with 
plane surfaces.

For the banana sheath and peanut shell 
boards, the colour of the raw materials were 
evident since the binding agent used was 
colourless.  The differing colours of the plastic 
strips in the cornhusk board dominate although 
the husk strips are also observed.

 

Figure 6. Samples of the composite boards: (Left) corn husks board, and  
(Right) peanut shells board.
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The mechanical properties of the boards 
are shown in Table 3 indicating the values 
obtained from the tests as compared with the 
PNS specifications for Type 100 particle board 
and the statistical comparison in graphical form 
can be seen in Figures.

Banana Sheath Fibreboard
For the average density of 0.6451 g/cc, a 0 
p-value for the upper bound tailed t-test was 
obtained indicating the probability of achieving 
a value greater than 0.4 g/cc and a p-value of 
1.000 for the upper bound tailed t-test was 
obtained indicating a value not greater than 
0.8 g/cc. The statistical results for the density 
indicated conformance to the PNS in terms of 
density. The banana sheath board after being 
soaked in water for 24 hours, obtained an 
average of 44.66% water absorption which 
was greater than the maximum amount set 
by the PNS as depicted on the p-value of 
0.016 for the upper bound tailed t-test, an 
indication of non-conformance to PNS. A 

consistent average value of 14.29% thickness 
swelling was obtained, which was below 20%, 
the maximum set by the PNS for Type 100.  
In terms of strength, the board resisted an 
average 55.33 kg of load in the NHPT having 
a p-value of 0.022 for the upper bound tailed 
t-test indicating a non-probable equivalence to 
30 kg and greater than 30 kg, and a p-value of 
0.216 for upper bound tailed t-test indicating 
probable non-equivalence to 50 kg and not 
greater than 50 kg. In general, the NHPT for 
the banana sheath fibreboard conformed to the 
PNS. The MOR obtained an average value of  
213.6 kg/cm2, which conformed to the PNS 
(minimum of 80 kg/cm2) as reflected by 
0.019 of p-value for upper bound tailed t-test. 
However, in the IB test, the banana sheath 
fibreboard obtained 1.0367 kg/cm2 less than 
to the standard minimum value of 2 kg/cm2. 
Based on the statistical results, a probable 
non-equivalence to 2 kg/cm2 or not greater than 
the said value was concluded as depicted by 
the p-value of 0.996 upper bound tailed t-test 
indicated a non-conformance to PNS.

Table 3. The physical properties of the composite boards.

Physical properties Banana sheath Peanut board Corn husk PNS
Surface texture Smooth Slightly rough Smooth –

Material integrity Compact with 
plane surface

Compact with 
plane surface

Compact with plane 
surface –

Colour Light brown Light brown Multicoloured due to 
plastic used –

Proportion 57/43 UF 12% UF resin 
content

40% corn / 60% 
plastic husk by 
weight

–

Table 4. The mechanical properties of the composite boards.

Mechanical properties Banana sheath Peanut board Corn husk Standard for type 100
Density (g/cc) 0.6451 0.6565 0.6867 0.4 – 0.8
Water absorption (%) 44.66 72.05 29.29 30 (max)
Thickness swelling (%) 14.29 13.474 5.597 20 (max)
NHPT/ FSHT (kg) 55.33 30.83 26.33 30 (min)
Internal bond (kg/cm2) 1.0367 2.396 2.22 2 (min)
Modulus of rupture (kg/cm2) 213.6 46.57 162.1 80 (min)
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Peanut Shell Fibreboard
The average density of the peanut shell board 
samples that were subjected to the different tests 
was 0.0.6565 g/cc with a p-value of 0 for the 
upper bound tailed t-test for the lower standard 
value of 0.4 g/cc and p-value of 0 for the lower 
bound tailed t-test . The statistical results 
indicates the probability of the average density 
within the PNS 0.4–0.8 g/cc. The average water 
absorption obtained was 72.05% with a p-value  
of 0.002 for the upper bound tailed t-test 
indicating a probability of the value greater 
than 30%, an indication of non-conformance 
to PNS. The thickness swelling obtained was 

13.474% with a p-value of 0.011 for the lower 
bound tailed t-test . The thickness swelling 
for the peanut shell fibreboard conformed to 
PNS. The WA of the board was quite high as 
compared to the standard maximum value of 
30%; in contrast with the TS result where the 
maximum value was 20%.  Meanwhile, the 
NHPT/FSHT, IB and MOR results obtained 
30.83 kg, 2.396 kg/cm2, and 46.57 kg/cm2

,
 

respectively. The statistical results for the 
NHPT indicates a p-value of 0.444 for the 
upper bound tailed t-test in comparison with 
the lower limit standard and a p-value of 0.033 
for the lower bound tailed t-test in comparison 

Figure 7. Statistical confidence interval for water absorption (%).

Nomenclature:
Subscripts
1 – Corn husk – Plastic 

composite boards
2 – Peanut shell – 

Resin composite 
boards

3 – Banana – UF 
composite boards

WA – water absorption 
(%)

TS – thickness swelling 
(%)

D – density (g/cc)
IBS – Internal bond 

strength (kg/cm2)
MOR – Modulus of rapture 

(kg/cm2)
FSH – Face Screw Head 

Test or Nail Head 
Pull Through (kg)

Figure 8. Statistical confidence interval for thickness swelling results (%).
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with the upper limit standard. The IB statistical 
evaluation obtained a p-value of 0.305 to 
check for equivalence of the average value 
to that of the minimum value of the standard. 
This indicated a probable equivalence to 2 kg/
cm2. The MOR indicates a p-value of 0.004 
for the lower bound tailed t-test indicated a 
probability of lesser value with the standard or 
non conformance to PNS for type 100 boards.

Corn Husks Fibreboard
The corn husks board samples tested had an 
average density of 0.6867 g/cc with a p-value 
of 0 for the upper bound tailed t-test for the 
comparison with the lower limit standard and a 
p-value of 0 for the lower bound tailed t-test for 
the comparison with the upper limit standard. 
The density of the corn husks board conformed 
to the PNS. As for the WA, an average value 

Figure 9. Statistical confidence interval for density (g/cc).

Figure 10. Statistical confidence interval for internal bond strength (kg/cm2).
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of 29.29% was obtained with a p-value of 
0.868 based on the statistical comparison being 
equivalent or not equivalent to the standard 
indicated probable equivalent to 30% maximum 
value, conforming to the PNS. On the case of 
thickness swelling, an average value of 5.597% 
was obtained with a p-value of 0.002 for the 
lower bound tailed t-test by comparison with 

the maximum value of 20%. FSHT/NHPT was 
26.33 kg, IB was 2.22 kg/cm2, and the MOR 
was 162.1 kg/cm2. A p-value of 0.312 was 
obtained for FSHT/NHPT for the one tailed 
t-test for the evaluation of the equivalence of 
the average value with that of the lower limit 
standard, 0.184 was obtained for IB for the one 
tailed t-test for the evaluation of the equivalence 

Figure 11. Statistical confidence interval for modulus of rupture (kg/cm2).

Figure 12. Statistical confidence interval for face screw head test or nail head pull through (kg).
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of the average value with that of the minimum 
standard, and 0.129 for MOR for the one tailed 
t-test for the evaluation of the equivalence of 
the average value with that of the minimum 
standard.

The banana sheath board was very strong 
against rupture followed by the cornhusk board 
while the peanut board passed the standard 
value for the test with only a slight margin.  
However, with respect to internal bond, the 
peanut shell board is stronger than the other two.  
The banana sheath and peanut shell boards had 
almost the same resistance against nail head and 
face screw pull through.  The corn husks board, 
when soaked in water did not swell as much as 
the other two boards, its water absorption falling 
within the range for Type 100. Only the corn 
husk-plastic composite boards conformed to 
standards for all parameters. The peanut shell-
resin composite boards conformed in density, 
thickness swelling, IB, and NHPT/FSHT; 
while, the banana sheath-UF composite boards 
conformed in thickness swelling, density, MOR 
and NHPT/FSHT.

CONCLUSIONS
Based on the results of the tests conducted, the 
following conclusions were drawn:

1. Agricultural wastes such as banana sheath, 
peanut shells and corn husks could 
be used as alternative materials in the 
production of particleboard.

2. The boards produced from these materials 
could be used as Type 100 particleboard.

3. The boards’ relatively high water absorption 
could limit their use to dry condition 
applications such as shelves, cabinets, 
partition walls or office tabletops and the 
like.  However, the tested boards were 
bare in contrast to the commercially-used 
boards which were already laminated 
when put into service.

RECOMMENDATIONS
From the stated conclusions, the researchers 
proposed the following recommendations:
1. Commercial production of any or all 

of these boards could be pursued in 
conjunction with other government 
thrusts or programme such as waste 
minimization.

2. Appropriate binder in line with the 
objectives of using agricultural waste for 
material production could be considered 
for the commercial production of the 
boards: face screw holding capacity for 
corn husk board could also be enhanced 
by better binder.

3. Production process could be standardized 
to address the strength-deficiencies of 
the boards.  Reducing the individual 
fibre length of the banana sheath could 
also increase the internal bond strength 
of banana sheath board.

4. Pursuing the commercial feasibility or 
production of the boards could be turned 
over by Batangas State University to the 
industry in order to effect the benefits 
possible from the use of the subject 
agricultural wastes.
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