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A B S T R A C T   

This paper presents an intensive measurement and analysis of monopolar ionized fields in bundled high voltage 
direct current (HVDC) conductors using the finite difference method based on the full multigrid technique. The 
positive feature of this study is that it considers the comprehensive representation of the bundle conductor, 
unlike the existing studies that approximate the bundle conductor with an equivalent conductor radius. Firstly, 
the proposed method is compared with previous experimental results. Secondly, a flexible laboratory model for 
the bundled HVDC conductors is constructed. Thirdly, the laboratory model is exploited to validate the 
numerically computed current density distribution on the ground plane and corona current for different bundles’ 
numbers and different distances between bundles. Bundles of one, two, and four conductors are adopted in the 
experimental setup. For the same applied voltage, the results verified that the corona current decreases by 
increasing the bundles’ number and/or minimizing the spacing between bundles. Consequently, the obtained 
results confirmed that corona power losses can be minimized, without needing the traditional procedures that 
involve increasing either the conductor radius or its height above the ground. The results of the proposed nu-
merical approach concurred well with the present and past laboratory results.   

1. Introduction 

With the colossal increment in power transmitted over long dis-
tances, high voltage direct current (HVDC) transmission has turned out 
to be emulative, and numerous HVDC transmission lines are developed 
everywhere throughout the world [1-4]. HVDC transmission systems are 
run exceeding the corona onset voltage, which may lead to several 
biological effects, audible noise, radio and TV interference, power los-
ses, and the insulation systems deterioration [5-8]. This has shaped a 
developing concern for the study of corona losses on HVDC transmission 
lines. Conductor bundling is implemented in HVDC transmission lines to 
enhance their corona rate without needing unreasonably huge conduc-
tors [9]. Bundling is mainly used to reduce the electric field at the sub 
conductors’ surface, which will bring about increasing the corona onset 
voltage, reducing the corona power losses, television, and radio inter-
ference, and audible noise [10-13]. 

Investigation of the corona fields resulting from monopolar stressed 
electrodes is significant in the manufacturing stage of HVDC trans-
mission lines [14, 15]. The existing corona problem in the HVDC 
transmission systems is of a non-linear nature, so solving the fields 
associated with corona exactly is extremely difficult. Several attempts 
are carried out to develop numerical techniques, including the finite 
element method (FEM) [16-25], the boundary element method (BEM) 
[26, 27], the charge simulation method (CSM) [28-31], and hybrid 
techniques [1, 9], to estimate the corona power losses on monopolar 
HVDC transmission systems. According to the authors’ knowledge, 
limited attempts are implemented to solve the corona problem on 
bundled HVDC conductors [30-38]; However, none of them applied the 
numerical finite difference method (FDM) combined with the full 
multigrid method (FMG), which is the main focus of this work. 

The FDM is a numerical procedure that approximates the equations 
by disregarding the terms of a higher order, which may result in a 
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considerable truncation error to be lessened via finer grids. However, if 
the iterative method is not chosen well, it will be time-wasting relative 
to computation. The convergence rate of the most traditional iterative 
techniques is poor regarding the finer grids. Therefore, different itera-
tive strategies should be applied to implement fine grids without expe-
riencing the high computational period. Using the multigrid method, 
this issue can be treated well and it improves dramatically the rate of 
convergence of the traditional iterative techniques [39-43]. The multi-
grid principle transforms the fine mesh into a coarser mesh. The tradi-
tional iterative techniques work on the coarse meshes and then using the 
transfer operators of the grid, the obtained results are implemented as an 
enhanced initial estimation for finer meshes [39,44]. 

To address the limitations of the existing above-mentioned studies, 
this work is aiming to measure and analysis of monopolar ionized fields 
in bundled HVDC transmission line systems using a proposed FDM in-
tegrated with the FMG iterative solver. Among the different schemes of 
the multigrid technique, the full multigrid variant is implemented as an 
iterative strategy for the FDM to deal with the corona discharge issue, 
especially on fine grid computational domains. In the present analysis, 
Poisson and current continuity equations for the monopolar bundled 
HVDC transmission systems are solved using the FDM integrated with 
the FMG to deal with finer meshes without facing a high execution 
period. To show the validity of the proposed method, the proposed 
numerical approach (FDM-FMG) concurred well with past laboratory 
results. Besides, an experimental setup is constructed to measure the 
corona discharge of the HVDC bundled transmission line. Using this 
setup, the effects of changing the height of bundles, the radius of bun-
dles, the spacing between bundles, and the bundles’ number on the 
voltage-current characteristics are evaluated. Further, their impacts on 
the current density distribution on the ground plane are also assessed. 
For the same applied voltage, the results showed that the corona current 
decreases on increasing bundles’ number and/or minimizing the spacing 
between bundles. Thus, the obtained results confirmed that the corona 
power losses can be optimized without increasing the conductor radius 
or its height above the ground. The obtained results by the proposed 
numerical approach (FDM-FMG) demonstrate its high accuracy rate 
where a strong matching with present and past experimental laboratory 
results are achieved. 

2. Governing Equations and boundary conditions 

To deal with the monopolar dc corona discharge problem, Poisson 
and current continuity equations are resolved as follows [1]: 

∇2 V = −
ρ
εo

(1)  

E = −∇V (2)  

j = ρ k E (3)  

∇ . j = 0 (4)  

where V stands for the electric potential and ρ is the charge density. 
εostands for the air permittivity, E is the electric field intensity, j rep-
resents the current density, and k is the ionic mobility. To solve such 
equations, the following boundary conditions are employed in the pro-
posed algorithm (see Fig. 1): 

1) The potential at the surface of the bundled wires is the applied po-
tential (V).  

2) The ground plate potential equals zero.  
3) The space charge in the inter-electrode space is of monopolar type.  
4) The ionization zone thickness on the bundled conductors is ignored.  
5) The electric field around the conductor nearly equals the onset value. 

For a more accurate estimation of the electric field around the 

conductor, the corona inception voltage Von of line conductors for 
numerically assessing the corona environment of HVDC line conductors 
is determined according to the principle developed for the forming of the 
recurrence of negative corona current pulses in the near vicinity of the 
stressed conductor [45, 46]. The magnitude of the electric field at the 
surface of the coronating conductor E is not assumed constant at the 
onset value E0 but it depends on how high the applied voltage is above 
the onset value, as follows: 

E = Eon f1

(
V

Von

)

(5)  

in which 

f1 = 1.1339 − 0.1678
(

V
Von

)

+ 0.03
(

V
Von

)2

(6)  

where V is the applied voltage, and empirically the onset field Eon can be 
formulated by [47]: 

Eon = 30 m

(

1 +

̅̅̅̅̅̅̅̅̅
9.06

R

√

× 10−2

)

× 102 (7)  

where R and m are the radius of the bundle (m) and surface roughness 
factor, respectively. The current continuity formula is solved by the 
FDM. Combining Eqs. 3 and 4 results in: 

∇ . ρ k E = 0 (8) 

As the ion mobility is constant, the current continuity equation will 
give: 

ρ2

εo
+ Ex

Δ ρ
Δ x

+ Ey
Δ ρ
Δ y

= 0 (9) 

Enforcing backward finite difference equations, Eq. 9 becomes 

ρm, n
2

εo
+ Ex

(ρ m, n − ρ m, n−1

Δ x

)
+ Ey

(ρ m, n − ρ m−1, n

Δ y

)

= 0 (10) 

Therefore, ρm, n is estimated by solving the following formula [42]: 
(

Δ x Δ y
εo

)

ρm,n
2 +

(
Δ x Ey + Δ y Ex

)
ρm,n −

(
Δ x Ey ρm−1,n + Δ y Ex ρm,n−1

)

= 0
(11)  

in which Ex and Ey stand for the electric field intensity in X and Y 

Fig. 1. Bundle four rectangular configuration.  
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directions, respectively.Δ xand Δ ystand for, respectively, the incre-
mental distance in horizontal and vertical directions. 

As the zone of the computational domain, Fig. 1, is indefinite, an 
artificial boundary extended in both directions should be implemented. 
At these boundaries, the outcome potential is supposed to be equal to the 
electrostatic potential [19]. Implementing the central finite difference 
method, the voltage at any point in the computational domain, Fig. 2 can 
be computed by: 

vm,n ≅
1

2 (Δ x 2 + Δ y 2)

×

(

Δ x 2(
vm+1, n + vm−1, n

)
+ Δ y 2(

vm, n+1 + vm, n−1
)

+
Δ x2Δ y2 ρm, n

εo

)

(12) 

Extensible software has been developed in the Matlab program to 
model Poisson and continuity formulae on bundled conductors. The 
proposed method of solution can be summarized as below:  

i Adjust the potential at the bundle conductors, and enter all the 
boundary conditions into the system of equations.  

ii Evaluate the space charge-free field via the CSM.  
iii At every point in the computational domain, the charge density is 

computed using Eq. 11 as an initial guess.  
iv At every point in the computational domain, compute the potential 

using Eq. 12 by FDM and FMG as an iterative solver, until reaching a 
prescribed tolerance.  

v Use the new values of potential calculated in the previous step, and 
recompute the charge density at every point in the computational 
domain again. 

If the difference between each value of charge density at every point 
and its previous value is smaller than a prescribed error, then, the ob-
tained potential and charge density values will be used to calculate the 
current density at the ground plane. Else, go to step (iv) and repeat the 
next steps. 

3. Multigrid method 

The Poisson equation takes too much time in the computational al-
gorithm [36]. On finer grids, the traditional iterative techniques 
consume excessive time to converge to a certain solution. Therefore, the 
present algorithm proposes the multigrid technique to converge fast on 
finer computational grids. Among the different schemes of the multigrid 
technique, the present analysis uses the FMG with the finite difference 
technique [48]. FMG technique solves the coarsest domain and in-
terpolates it to a finer domain where many V-cycles are performed. 
Fig. 3 demonstrates the flow chart that describes only one V–cycle. In the 
present study, to give the best performance in terms of the computa-
tional time, the number of pre-smoothing and post smoothing steps is 3 
and 1 respectively, where [Ih

2h] represents the standard full weighting operator and [I2h
h ] represents an operator for the bilinear interpolation 

[42]. 

4. Results and discussion 

To emphasize the validity of the suggested method, (V/I) charac-
teristics for Al-Hamouz’s model for bundle two horizontal and bundle 
four rectangular transmission line (TL) designs are computed [38]. The 
radius of the wire (R) is 75 × 10−2 mm, located at a height (H) of 0.5 m 
above the ground plane and the spacing between bundles (s) is 0.04 m. 
The ion mobility and the roughness factor are taken 1.4 × 10−4 m2/Vs 
and 1, respectively [38]. The FDM is performed here on a fine rectan-
gular grid of (128 × 128) points, with an artificial boundary expanded 
for 2H in both directions. The overall program execution time is 0.6 sec, 
which reflects the importance of the FMG as a fast-convergent method. 

An excellent congruence between the proposed technique and Al- 
Fig. 2. Section of the intended grid.  

Fig. 3. Flow chart of one V-cycle.  
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Hamouz et al. experimental results is achieved at different applied 
voltages, as shown in Fig. 4. This figure confirms that the increase in the 
bundles’ number will minimize the corona current for the same applied 
voltage, resulting in the reduction of the corona power losses. 

Fig. 5 compares the measured current densities at the grounded plate 
for single and bundle two horizontal HVDC transmission lines configu-
ration introduced by Al-Hamouz model with the numerical results ob-
tained here by the FDM [38]. Fig. 5 affirms the findings of Fig. 4, such 
that the bundle 2-horizontal configuration gives lower current density 
profiles at the ground plane than the single wire configuration at the 
same applied voltage. Also, the change in the bundles’ number resulted 
in a different shape for the current density distribution. For bundle two 
horizontal HVDC transmission line, each wire contributes by a 
maximum value, so two maximum values are observed on the grounded 
plate, such that the area under each peak gives the corona current 
contributed by each sub-wire. 

Also, the FDM is tested on a grid of (256 × 256) points, against the 
experimental data of the Abdel-Sattar model for a wire of diameter (2R) 
equals 1.6 mm located at height (H) of 7.67 cm above the ground surface 
and the spacing (s) between bundles is 1.5 cm in still air [36]. The 
proposed method computes the current density distribution over the 
grounded plane for bundle two horizontal and vertical configuration, 
and it agreed sufficiently with the laboratory results of Abdel-Sattar at 
different applied voltages, as demonstrated in Figs. 6 and 7. The corona 
onset fields for bundle two horizontal at 67.2 kV and 56 kV are 58.5 
kV/cm and 59.85 kV/cm, respectively. For vertical configuration, the 
corona onset fields at 50.4 kV and 44.5 kV are 59 kV/cm and 60 kV/cm, 
respectively. The ion mobility and the roughness factor are taken 1.4 ×
10−4 m2/Vs and 1, respectively. 

Referring to Fig. 7, the experimental data for Bundle 2 horizontal is 
used to compare the proposed FDM-FMG with traditional techniques 
such as the modified finite element method introduced by Al Hamouz 
et al. [38]. 

Fig. 8 demonstrates the percentage error by FDM-FMG and the 
modified finite element method introduced by Al Hamouz [38] for 
different spacing on the grounded plate. As seen from the figure, the 
maximum error by FDM-FMG is 12% and for FEM is 28%. This reflects 
the importance of using FMG as an iterative solver to work on fine 
computational domains without suffering from high computational 
time. FDM with the help of FMG decreases the truncation error by 
working on fine domains. The above observations show that the use of 
the FDM integrated with FMG on fine domains is superior over FEM. 

Fig. 9 describes the calculated current density profile by the FDM for 
the bundle-4 diamond system with wire diameter 0.85 mm compared to 
the experimental work of Abdel-Sattar at different applied voltages, and 
a strong agreement is reached [36]. The corona onset fields at 54 kV and 
44 kV are 61.5 kV/cm and 62.8 kV/cm, respectively. It was noted that 

the corona current contributed from the upper sub-wires is very small to 
be observed at the ground plate, and so one peak value is detected. 

Figs. 6, 7, and 9 show that as the applied voltage increases, the total 
current reached the ground plate rises as well as the current density, 
resulting in higher corona losses. Fig. 4. Effect of the variation of bundles’ number on the voltage current 

characteristics by the experimental results in [38] and the proposed method. 

Fig. 5. Current density distribution along the ground plane for single and 
bundle two horizontal conductors, H = 0.59 m, s = 0.02 m, V = 100 kV by the 
experimental results in [38] and the proposed method. 

Fig. 6. Current density distribution on ground plate for bundle 2 model, hor-
izontal configuration by the experimental results in [36] and the pro-
posed method. 

Fig. 7. Current density distribution on ground plate for bundle 2 model, ver-
tical configuration by the experimental results in [36] and the pro-
posed method. 
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An experimental setup was constructed to validate the proposed 
method of analysis (see Fig. 10). The simulated HVDC bundled trans-
mission line is hanged at a certain height above the grounded aluminum 
plate. The dimensions of the grounded aluminum plate are 0.98 × 1.9 
m2, and its thickness is 1 mm. The aluminum plate is divided into 46 
strips (each of 1.9 × 0.02 m2) where the strips are isolated by 0.1 cm 

apart, and each one is connected to the ground through a micrometer 
device. In order to prevent the corona discharge from the ends of the 
bundles, two spherical caps are implemented in the design. The setup is 
designed in a way to study the variation of different parameters like the 
number, height, and radius of bundles. A high voltage DC source 
(Hipotronics, Model 800PL-10MA series) has been used to energize the 
HVDC bundled transmission line to a maximum of 80 kV and 10 mA. 

The FDM with the help of the FMG solver is formulated on (256 ×
256) grid points, and the overall program execution time is 10 sec to 
reach a convergence of 10−8 %, and the numerical results obtained are 
compared with the experimental results implemented by the setup 
shown in Fig. 10, which complies with IEEE standard (539-2005). The 
grounding impedance connected to the experimental setup mentioned in 
Fig. 10 is measured using MEGGER DET5/3R earth tester and its value 
equals 2.3 Ω. In the HV laboratory, we follow the IEEE standard (81- 
2012) for measuring the earth resistivity, ground impedance, and earth 
surface potentials of a ground system. 

The experimental setup is designed to validate the proposed nu-
merical method (FDM-FMG). For this purpose, the horizontal and ver-
tical two bundles are implemented such that the wire diameter is 1 mm 
at a height of 20.25 cm above the ground plate, and the spacing between 
bundles is 15 mm (s =15 mm). The ion mobility and the roughness factor 
are taken 1.4 × 10−4 m2/Vs and 1, respectively. Fig. 11.a illustrates the 
voltage-current characteristics of the bundle’s two horizontal and ver-
tical designs. It was found that, at the same applied voltage, the corona 
current for the vertical configuration is more than the horizontal one. 

Fig. 11.b demonstrates the current density distribution along with 
the ground plate for the bundle two horizontal and vertical transmission 

Fig. 8. Percentage error by FDM-FMG and the modified finite element method 
introduced by Al Hamouz et al. [38] for different spacing on the groun-
ded plate. 

Fig. 9. Current density distribution on ground plate for bundle 4 model, dia-
mond configuration by the experimental results in [36] and the pro-
posed method. 

Fig. 10. Experimental setup.  
Fig. 11. Bundled two horizontal and vertical configurations; a) V-I character-
istics, b) Current density distribution on ground plate. 
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line design at an applied voltage of 55 kV. This latter figure declares the 
results of Fig. 11.a such that the current density for the vertical bundle is 
higher than that of the horizontal bundle, which will lead to higher 
corona losses. It is important to mention that not only the magnitude is 
different, but also the shape of the current density profile is completely 
different. In the case of vertical bundles, the lower conductor contributes 
most to the corona current, and hence one peak value is found, whereas 
in the horizontal configuration, the two conductors almost contribute 
equally and hence two peak values are observed. The results are 
confirmed by the findings of Abdel Sattar [36]. The corona onset fields 
for bundle two horizontal and vertical at 55 kV are 68.24 kV/cm and 66 
kV/cm, respectively. The ion mobility and the roughness factor are 
taken 1.4 × 10−4 m2/Vs and 1, respectively. 

Also, the experimental setup, Fig. 10, is implemented to show the 
effectiveness of altering the wire radius on the voltage-current charac-
teristics and the current density distributions on the grounded plate for 
horizontal two bundle configuration. Fig. 12.a shows the voltage- 
current characteristics for the bundle two horizontal configuration for 
different wire radii. It was observed that the decrease in the radius of the 
bundle will increase the corona current at the similarly applied voltage. 
The corona current decreases by 14 % when the wire radius increases 
from 0.35 mm to 0.75 mm at an applied voltage of 70 kV. 

Fig. 12.b demonstrates the current density distribution over the 
ground plate for the bundle-2 horizontal transmission line configuration 
for different wire radii at an applied voltage of 70 kV. It is illustrated that 
as the bundle radius increases, the current density received by the 
ground plate decreases resulting in lower corona power losses. Indeed, 
increasing the wire radius increases the corona onset voltage of the wire 

resulting in a lower corona current and hence lower current density at 
the ground plate for the same applied voltage. When the wire radius 
increases from 0.35 mm to 0.75 mm, the maximum current density 
decreases by 16 %. The present method matched well with the labora-
tory results. The corona onset fields at 70 kV are 71.3 kV/cm and 58.6 
kV/cm for a wire radius of 0.35 mm and 0.75 mm, respectively. 

The impact of the bundle height variation over the grounded plate on 
the voltage-current characteristics and the current density distributions 
on the grounded plate for horizontal two bundle configuration is 
assessed. Fig. 13.a describes the voltage-current characteristics for the 
bundle two horizontal configuration for different bundle height (H). It 
was found that the increase in the height of the bundle, decreases the 
corona current at the same applied voltage. This is explained by the that 
as the wire height increases, the corona onset voltage of the wire in-
creases resulting in a lower corona current received by the grounded 
plate. The corona current decreases by 91% when the wire height in-
creases from 9.25 to 20.25 cm at an applied voltage of 70 kV. 

Fig. 13.b explains the current density distribution over the ground 
plate for the bundle-2 horizontal transmission line configuration for 
different bundle height at an applied voltage of 50 kV. As the bundle 
height over the grounded plate increases, the current density received by 
the ground plate reduces resulting in lower corona losses. When the wire 
height increases from 9.25 cm to 20.25 cm, the maximum current 
density decreases by 92%, and the current density profile becomes 
broader. It is worth mentioning that the change in the bundle height is 
more significant than the change in the wire radius with respect to the 
value of the corona onset voltage and hence on the corona power losses. 

Fig. 12. Effect of variation of bundle radius(H = 9.25cm, s =15 mm); a)V-I 
characteristics, b) Current density distribution on ground plate. 

Fig. 13. Effect of variation of bundle Height(R =0.75mm, s=15 mm); a)V-I 
characteristics, b)Current density distribution on ground plate. 
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The corona onset field at 50 kV is 61.9 kV/cm for a wire height of 20.25 
cm. 

Also, the influence of varying the spacing between the bundles on the 
voltage-current characteristics and the current density distributions on 
the grounded plate for horizontal two bundle configuration is studied. 
Fig. 14.a shows the voltage-current characteristics for the bundle two 
horizontal configuration for different spacing between bundles. When 
the bundle spacing increases, the corona onset voltage of the wire re-
duces, which in turn increases the corona current for the same applied 
voltage. The corona current increases by 7% when the spacing increases 
from 15 mm to 30 mm at an applied voltage of 70 kV. 

Fig. 14.b demonstrates the current density distribution over the 
ground plate for the bundle-2 horizontal transmission line configuration 
for different spacing between bundles at an applied voltage of 60 kV. As 
the spacing between bundles increases, the current density received by 
the ground plate increases resulting in higher corona power losses. 
When the spacing increases from 15 mm to 30 mm, the maximum cur-
rent density increases by 8%. It must be noticed that the bundle spacing 
variation is not significant regarding the value of the corona onset 
voltage and hence on the corona power losses. The corona onset field at 
60 kV is 72 kV/cm for bundle spacings 30 mm. 

Fig. 15.a shows the percentage error between the numerical method 
and the experimental results at different applied voltage. Interestingly, 
the maximum error has not exceeded 5% at s = 30 mm and 4.5% for 
s=15 mm. Further, the percentage error is evaluated at an applied 
voltage of 60 kV for different distances on the ground plate (see Fig. 15. 

b). As noticed, the maximum error does not exceed 5.2% at s=30 mm 
and 5.5% for s = 15 mm. Generally, the maximum error in both cases 
does not exceed 10%, which is acceptable for numerical methods that 
well-matched with the experimental results of current density distribu-
tion as indicated in Fig. 14. 

Finally, the influence of changing the bundles’ number on the V/I 
characteristics and current density profiles on the ground plate is stud-
ied. Fig. 16.a illustrates the V/I characteristics for the single, horizontal 
two bundle, and rectangular four bundle configurations. It was pointed 
out that by increasing the bundles’ number, the onset voltage of the wire 
increases which in turn decreases the corona current at the same applied 
voltage. The corona current decreases by 78% when using rectangular 
bundle-4 instead of the single wire configuration at an applied voltage of 
70 kV. 

For the above-mentioned configurations, Fig. 16.b displays the cur-
rent density distribution over the ground plate at 70 kV. Through 
increasing the bundles’ number, it was noted that the current density 
received by the ground plate decreases resulting in lower corona power 
losses. The maximum current density for the single wire transmission 
line decreases by 63% when it is replaced by a rectangular bundle-4. 
Therefore, the change in the number of bundles greatly affects the 
corona onset voltage and hence the corona power losses, without the 
need of increasing the height or using larger conductor diameter defined 
by the transmission-line current capacity, and this is the main aim of 
bundling in the design of HVDC transmission lines. 

Fig. 14. Effect of variation of bundle spacing (R=0.35 mm, H=9.25 cm); a)V-I 
characteristics, b)Current density distribution on ground plate. 

Fig. 15. Percentage error between the numerical method and the experimental 
results with the variation of bundle spacing; a)for different applied voltage, b) 
for different distances on the ground plate. 
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5. Conclusions 

In this paper, an intensive measurement and analysis of monopolar 
ionized fields in bundled HVDC conductors have been introduced using 
the FDM based on the FMG. The use of the FMG decreases the truncation 
error for the finite difference approximations by working on fine 
computational domains without suffering from the high computational 
time. Based on that, the FDM integrated with FMG is tested against the 
finite element method and the latter is completely transcendent owing to 
the numerical outcomes with respect to the experimental values. The 
maximum error in FDM-FMG does not exceed 10%. The following other 
conclusions are noticed:  

• Monopolar ionized fields in HVDC bundled conductors have been 
assessed using FDM combined with the FMG solver. 

• The FMG is time-efficient, as it converges fast on the finer compu-
tational domains to reach a prescribed tolerance.  

• The overall program execution time is 10 seconds to converge to a 
prescribed tolerance on a grid of (256 × 256) points.  

• The numerical outcomes by the present analysis concurred well with 
the past and present laboratory results. 
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