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In micro-propagation industry, light irradiance inside the plant culture
vessel is one of the most important environmental factors affecting the
growth of plantlets inside the culture vessels. Practically it is difficult to
measure the light irradiance inside such culture vessel. A mathematical
model was developed to predict the light irradiance, the internal
transmittance and the transmittance distribution at any plant level along
the vessel height. In order to validate the model, three types of culture
vessels; GA-7 box vessel, square box vessel, and round vessel were
selected to apply the model and the error of the model was analyzed. The
mathematical model predicts a Mean Relative Error (MRE) of 0.35 % for
square vessel type, 0.26 % For GA-7 box vessel, and 0.68 % for round
vessel type. The characteristics of square based vessels and round based
vessels were investigated. Also a comparison between these two main
categories was investigated. From the comparison it was found that square
vessels give irradiance distribution uniformity better than round vessels for
zero side wall inclination, but for inclination angle greater than one
degree, the uniformity of distribution of irradiance for round vessels is
better than that of square vessels.

1. INTRODUCTION

Micro-propagation, the cloning of plants in small vessels, is quickly emerging as an
important component of many production industries worldwide. In micro-propagation
in vitro industry, the planlets are cultured in a small closed system of culture vessels.
Many sets of successive horizontal shelves are arranged in the culture room.
Fluorescent lamps are usually used as a light source to provide the light irradiance
required for the growth of planlets inside the culture vessels.

Light irradiance inside the culture vessel is considered as one of the most
important environmental factors affecting the growth of plantlets (Aitken-Chrisie et al.,
1994). There are many factors affecting the light irradiance inside the culture vessel.
As mentioned by Fujiwara and Kozai (1995), these factors are the type and number of
the lighting sources, the position of the lighting sources, the position of the vessel on
the culture shelf, the optical characteristics of the shelf, and the materials and shape of
the culture vessels. Kitaya et al. (1994) investigated experimentally the effects of light
intensity and direction on the photoautotrophic growth and morphology of potato
plantlets in vitro. They found that the shoot length was shorter in the sideward lighting
treatment than in the downward lighting treatment at different values of light intensity.

Many trials have been done to measure and predict the light irradiance inside
the culture vessels because of its important role in the growth of the palnlets inside the
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culture vessels. It is also important to develop a lighting system which can provide
suitable light irradiance inside the culture vessels at a reduced electric cost. According
to the survey of Standaert de Metsenaere (1991), electricity accounts for 5 — 6 % of the
total costs. The main constituent of the total cost is due to the lighting systems (65 %).
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Fugiwara et al. (1989) studied experimentally the effect of various closures for
various empty vessels on light irradiance inside these vessels. They used four different
types of closure and three different types of vessel. Ibaraki et al. (2005) used a sensor
film, for measuring integrated solar radiation to estimate the light irradiance
distribution pattern inside a small test tube as a culture vessel under downward lighting
conditions. They constructed a planlet model inside the culture vessel whose leaves
were made of the sensor film to simulate a potato plantlet. Huang and Chen (2005)
investigated experimentally the uniformity of internal transmittance for the tissue
culture vessels that are usually applied in the plant tissue culture industry. They found
that uniformity of internal transmittance for the round based vessels was better than
that of a square or rectangular box.

Ciolkosz et al. (1996) presented a study for evaluating four analytical models
of fluorescent lighting systems for calculating the light irradiance, utilizing four
calculation techniques: point source calculations; the Lumen method; the Integrated
Area Fourier Series (IAFS); and the application distance photometry (ADP), in
addition to a regression empirical model. They constructed a full scale mock up of a
micro-propagation shelf and they recorded the light irradiance at various locations
under various light source mounting heights and configurations for evaluating the
results from the models. They reported that the IAFS technique was the best one to
calculate the light irradiance at the vessel cover level. It gave 5.1 % Mean Relative
Absolute Error (MRAE) when calculating average light irradiance on a shelf, and 4.5
% when calculating mean relative deviation, which is a measure of uniformity. They
used the regression empirical model based on IAFS values to predict light irradiance at
the plant level. This model gave MRAE of 9.2 %, with a corresponding value for Mean
Relative Deviation (MRD) of 12.1 %. The result of this study was adopted to serve as a
design issue for micro-propagation lighting systems (Ciolkosz et al., 1997). After
comparing the measured light irradiance at different vessel conditions, Ciolkosz et al.
(1997) found that the agar and plant material in the vessels had only little effect on the
light irradiance at both the vessel cover level and plant level. Chen (2005) developed
three models for estimating lighting distribution for plant micro-propagation at vessel
cover level: line; ribbon; and empirical regression models. He found that the ribbon
model had the best fitting ability. He also evaluated the effect of height and spacing of
fluorescent tubes on the distribution uniformity of light irradiance.
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It is obvious that most of the previous theoretical studies focused on estimating
analytically the light irradiance at the vessel cover level and used empirical regression
to find it at the plant level. They did not take into account the effect of the vessel’s
material and hence its radiative properties and the shape of the vessel to estimate the
light irradiance at the plant level and the effect of the adjacent vessels.

The objective of this study is to develop an accurate mathematical model to
predict the light irradiance at any point inside the culture vessel: over the vessel base or
along the vessel height and the transmittance distribution at any plant level along the
vessel height. In the present study, the effect of the vessel’s material and the shape of
the vessel have been taken into account.

2. MATHEMATICAL MODEL

2.1 Assumptions

For the mathematical model, the following assumptions are made:

1- Radiation intensity incident in a hemisphere covering the used vessel is uniform
and equal to unity.

2- The temperature variation through the thin vessel walls is neglected.

3- The interference of incident and reflected waves through the vessel w is
neglected, as the thickness of the vessel wall is greater than the light wavelength
values of light.

4- Deviation of the transmitted ray due to refraction in the vessel wall is neglected
as long as the fluid is the same for both sides of the wall.

5- The absorption coefficient and the refractive index of the vessel material are
independent of the light wavelength, (0. 02 mm™, 1.59 for polycarbonate and 0.
056 mm™', 1.47 for polypropylene, respectively).

6- Reflection inside the culture vessel is uniform.

7- Any radiation reaching the bottom of the vessel is completely absorbed.

8- The second reflections inside the vessel are neglected.

9- Radiation is unpolarized. So, the effective reflectance and transmittance can be
calculated respectively as follows:

R, +R
R = ( 1/ J_) , (1)
2
where for multiple reflection inside the vessel walls,
2 2 2 2
— 1—
R, =py 1+% and R =p, 1"’%
l-p, 7 l-p,7
Also, rTxT) )
2
Where 7 -F (-p,) and r _fl-p)
! 1_p//zz'2 . l_pszz
2 i 2
In equations (1) and (2) 01(@) = an@®-y) | (@)= sin(@=2) ||
tan(® + y) sin(® + y)

S—E
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where vy is the angle of refraction which is related to the incident angle ® by Snell’s
law as:

;((@):sin‘l(sm(a)
n

The types of the culture vessels were classified according to their base shape
into two categories: vessels with square base, and vessels with round base.

2.2 Relations for vessels with square base

The culture vessels with square base consist of two parts: the vessel box and the vessel
cover. For square vessels, the vessel box has four side walls, which may be vertical or

tilted outward with an angle 9, as shown in Fig.1. An incoming ray of intensityi\(é, ¢)

penetrates the vessel side wall into the vessel to point (0) on a certain horizontal level
of position defined by Z; and Z, and at a vertical distance of H away from the vessel
cover. To calculate the direct irradiance due to all incoming rays through the four side
walls, every side wall is divided into two parts. The first part is that within the azimuth
angle ¢; and to the right of line (dc), and the second part is that within the azimuth
angle ¢, and to the left of line (dc). The direct irradiance at point (o) due to incoming
rays with unity value and uniform intensity through each of the first and the second
parts of the wall is the integration of incoming rays transmitted out of the respective
part of the wall over the solid angle of the part at (0):

o xl2

DI, = [ T(®)cosOsin0dodyp (3)
0 bu

and
0, 7wl2

DI, = [ T(®)cosOsin0dode e
0 b

Where the polar angles 6,,; and 6,,, are functions of the azimuth angle ¢
The angle O is the incidence angle of the incoming ray upon the surface of the
side wall and is related to angles # and angle ¢ by the following relation:

© = cos ™' (sin @ cos @ cos & —cos Fsin 5) (5)

The total irradiance at point (o) of ordinates Z; and Z, due to all radiation
incoming into the vessel through the four side walls within eight azimuth angles can be
obtained from:
n=8 Pn 7ml2

[ [ T(©)cososin0dode (6)

wn

DI .= ni%DIWn =

n=1 n=1

The actual transmittance of vessel side walls is defined in this work as the ratio
between the total irradiance at a certain point on a horizontal level due to radiation
incoming into the vessel through the side walls and the total irradiance at the same
point due to radiation incoming into the vessel through the same solid angle of the side
walls if the side walls were not existing.
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Fig. 1 Schematic diagram showing a ray incoming into a square vessel through its inclined
side wall and incident upon a horizontal level.

The vessel walls transmittance can be calculated as follow:

DI

Trwall‘s' = | el s (7)
DIwwallS

where:
n=8 n=8 P ml2

DI, .= ZDIWW" = Z I I cos @sin 8dOd ¢ (8)
n=1 n=l 0 @

wn

The total irradiance at point (o) due to radiation incoming into the vessel
through the vessel cover within the same eight azimuth angles as for the side walls can
be obtained from Eq.(6) noting that ® = 0 for the vessel cover. Then:

n=8 Pn O
DI, = Z; I I T(6)cosOsinBdOd g )
n=l o 0

Using a similar definition for the actual transmittance of the vessel cover as
that for the side walls then:

Tr, =| e (10)
DI

wcover

Where:
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n=8 Py euz

DI = I Jcos@sin@d&dgo (11)
0

wcover
n=1 o

The irradiance at an arbitrary rectangle of area A, at a certain horizontal level
due to the diffuse reflection from the four side walls for square vessel with inclined
side walls can be calculated as follows:

IRhftotal = IRhfwall1 + IRbfwallz + IRhfwall3 + IRhfwalL‘ (12)
Where:

LA

IRb—wull] = Z —F_,I,R, (13)
i\ A4,
7 (A
J

IRb—wazz2 = Z A_ Fj—bl Pde (14)
J=1 b
K Ak

IRhfwalQ = Z X F_In R, (15)
k=1\ ‘Y
L A]

IRIHWH4 = Z A_ F IR, (16)
=1\ Y

where I is the irradiance at a certain point (P) on the side wall 1, 2, 3, or 4 due to
radiation penetrating the vessel through the other three side walls and the cover. It can
be calculated as follows:

ne6 (9 72 nes (9 0
I,= j j T(®)cosfsinOdOdp | + I j T(0)cos@sin OdOd g (17)
n=1 0 g\wn n=1 0 0

wall cover
The transmittance due to reflection is defined in this work as the ratio between
the diffuse reflection reaching a certain point on a horizontal level and the direct
irradiance at the same point due to radiation coming through a hemisphere with no
vessel.
The transmittance due to reflection can thus be calculated as follows:

IR
Tl" — b—total 18
" ( D I wvessel ] ( )
Where:
27 7wl2
DI, .. = I I cos@sinf8dOdp = (19)
0 0

The total vessel irradiance at a certain point on the horizontal level can be obtained
from:

1 vessel DI vessel + IRb—toml (20)
where:
Dlvessel = Dlwalls + DIcover (2 1)



400 Ahmed M. Reda, Ahmed M. Abdel-Ghany, ...

The total vessel transmittance at a certain point on a horizontal level is defined
in this work as the ratio between the total vessel irradiance coming to a certain point on
a horizontal level and the direct irradiance at the same point due to radiation coming
through a hemisphere without the existence of the vessel. Thus:

The total vessel transmittance can be calculated as follows:

TI 11
Trvewel — vessel — vessel (22)
h DI T

wvessel

2.3 Vessels with round base

Figure 2 shows an incoming ray of intensity i\(¢9, (0) penetrating a round vessel side

wall tilted outwards with the vertical by angle d at point (a). This ray is incident upon
the horizontal level at point (o).

To calculate the total irradiance at point (0) due to the radiation incoming into
the vessel through its side wall, the vessel is divided into two identical parts as shown
in Fig. 3. The two parts are separated by the (no) center line. The side wall portion in
each part is divided relative to point (0) into 180 strips for each part. Each strip has the
length of the side wall and its width forms 1 degree relative to point (0).

The direct irradiance at point (o) due to all of the incoming rays of intensity
equal to unity through the side wall of part one or part two is the integration of all
incoming rays transmitted out of the inclined side wall of that part over its solid angle.
It can be obtained as follows:

r 7wl2

DI, = ZI I T(®)cos@sin OdOd ¢ (23)
0

0,

where:

Incoming ray

Vessel wall i (9’ (p)

Horizontal level

Fig. 2 Schematic diagram showing an incoming ray through the
inclined vessel side wall and incident upon a horizontal level.
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Fig. 3 Plan view of the round
vessel with inclined side wall.

©=cos'[sin O cos(y —)cos 5 —cos Gsin 5] (24)

The actual transmittance for the side wall of the round vessel according to the
definition of wall transmittance mentioned before can be calculated as follows:

Trwall DIMJH (25)
DIwwall
where
x 7l2
DI, .= I I cos @sin 0dOd ¢ (26)
0 6,

The total irradiance at point (0) due to all radiation incoming into the vessel
through the Vessel cover wall can be obtained similar to square vessel from:

cover

DI ZI I T(@)cosBsinBdOd ¢ 27

The actual transmittance for the side wall of the round vessel can be calculated
as follows:

Tr;:over - DICOVer ’ (28)
DI

wcover

where:

V.4 Q.
s =2| [ cosOsin0dOdg (29)
0 0
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The irradiance from a strip of area A, as a part of the side wall to an area A,
located on the horizontal level at a distance Z, from (n) as shown in Fig. 4, due to
diffuse reflection, can be calculated as follows:

R, (30)

Pmean

A

IR, , =—F I
Ab
The average irradiance Ip,.,, from each strip on the side wall, Fig. 4, can be

calculated as follows:

>,
_ 1

Pmean ~—

; €1y

m

where m is the number of the measuring points on each strip of area A,.

To calculate the irradiance at point (P), located anywhere on the side wall of
round vessel, the vessel is assumed to be divided into two identical parts as shown in
Fig. 5. Thus:

Fig. 4 Schematic diagram to show the position of A, and A, for
round vessel with inclined side wall.

z/2 0\, 12 7i2
I,=2 j j T(0)cosOsin0dOdp |+ j j T(®)cos Osin 0dOd g (32)
0 0

\
cover 0 O wall
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Projection of the
incident ray .

Projection of
side wall strip__

Part one Part two

Fig. 5 Plan view of round vessel with inclined side
wall showing projection position of point P.

The irradiance from the whole side wall to a certain area A, on a certain
horizontal level can be calculated as follows:

90
IRb*total = 2ZIRh—r (33)

r=l1
The transmittance due to reflection for round vessel, using a similar definition
as before, can be calculated as follows:

90
2> IR, .,
I _ IRb—ta tal _ r=1
ref -
DI

The total vessel irradiance and transmittance at a point on a certain horizontal
level can be obtained from:

(34)
v

wvessel

Tlvessel = Dlvessel + IRb—total (35)
The total vessel transmittance can be calculated as follows:
711 11
Tl’;} sl — vessel — vessel (3 6)
DI T

wvessel

3 NUMERICAL CALCULATIONS

The integrations to calculate irradiance and transmittance for culture vessels used in the
present work are numerically evaluated by using Simpson quadrature. First, these
values are calculated at the vessel bottom level, then at different horizontal levels along
the vessel height.
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3.1 Specifications of culture vessels

Three types of the widely used culture vessels in the plant tissue culture industry were
selected. Their specifications are given below.

3.1.1 GA-7 box

Figure 6 shows a schematic diagram for the shape and dimensions of the GA-7 box.
The vessel type GA-7 box is manufactured by Magenta Co., USA. The cover of the
vessel is made of Polypropylene, and the wall material is Polycarbonate. The wall
thickness is 1.7 mm.

3.1.2 Square box

Figure 7 shows a schematic diagram for the shape and dimensions of the square box
(Vito-Vent, Vitro Co., France). Both the vessel cover and walls are made of
Polypropylene. There are two cavities at the cover position as a special design for
permitting fingers to grid and remove the cover. The wall thickness is 1.7 mm.

3.1.3 Round vessel

Figure 8 shows a schematic diagram for the shape and dimensions of the round vessel
(LA-RH, LAB Associate, The Netherlands). Both the vessel cover and walls are made
of Polypropylene. This type is of inclined side wall. Also the same type is used in this
research by assuming a normal side wall. The wall thickness is 1.7 mm.

All dimensions in mm

975

Fig. 6 Shape and dimensions of GA-7 box .
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Fig. 8 Shape and dimensions of round vessel.

3.2 Method of calculations

The model was applied to both the vessel bottom level and different horizontal levels
along the vessel height. The main dimensional aspects of the selected vessel shape
were used in the calculations. The vessel bottom or any horizontal level along the
vessel height for both GA-7 box vessel type and square box vessel type was divided
into 36 elements, as shown in Fig. 9. Each element has a width of X/6, where X is the
horizontal level width. For round vessel type, 37 square elements were selected on the
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vessel bottom or any horizontal level along the vessel height; as shown in Fig. 10, to
calculate the irradiance and transmittance.

bl }
_.__L._.!_._|._D.1_|_.12.|_F.1_

A2 B2l 2| pD2| E2| R2

— e b — et " s m— e ¢ — T — —

. . . . . “
asl Bol col pel Esl Fo | §X/y

Fig. 9 Elements on any horizontal level at which the
irradiance and transmittance are calculated for square
vessel and GA-7 box vessel type.

|
!
b

Fig. 10 Elements on any horizontal level at which the
irradiance and transmittance are calculated for round
vessel type.

3.3. Transmittance Uniformity

The criterion of mean relative deviation is used in this work to evaluate the uniformity
performance for the irradiance transmittance inside the culture vessel.
It can be calculated as follows:
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Yavg - Yz
Y

avg

1 n
MRD—;;

; (37)

where:

MRD is the mean relative deviation.

n is the number of the calculated segments.

Y, is the calculated irradiance transmittance of each element of one level in the culture
vessel.

) ) ) 1
Y. 1s the arithmetic average of Y;; Y . = —ZK
n g

3.4. The Comparison Criteria

The results obtained numerically were compared with measured values, wherever
available in the literature. Two bases are used here to compare between the computed
and measured results. The first one is the percentage relative error. This base is used to
evaluate the ability of the model to predict the irradiance transmittance for each
element of the vessel bottom. The second base is the mean relative absolute error. This
base is used to evaluate the ability of the model to predict the average irradiance
transmittance for the vessel bottom.

The percentage relative error can be obtained from:

%RE:MXIOO , (38)
mi

where:

T,.; is the measured value at a certain element

T,; is the calculated value at the same element

The mean relative error can be calculated as follows:

1 (T, —T,
MRE=—» - =—=
n ; T

mi

(39)

4. RESULTS AND DISCUSSION

4.1 Comparison for the plant tissue culture vessels

In this section a comparison based on the relative percentage error is carried out
between the measured transmittance by Huang and Chen, (2005) and the computed
transmittance using the present model, over the vessel bottom for the square vessel,
GA-7 box vessel and round vessel type

Huang and Chen measured the internal irradiance inside the culture vessel by
removing its bottom and placing the LI-190 SA quantum sensor at the bottom level for
the same type of culture vessel. The measurements were executed on a full-scale
micro-propagation shelf which contains two fluorescent luminaries mounted on the
upper side of an identical shelf. The length of fluorescent tubes, Philips TLD 36 W/39,
was 1.2 m. The height of tubes was 0.35 m. They calculated the transmittance of vessel
as the ratio between the internal irradiance and external irradiance.
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Fig. 11 Contour lines of % relative error between the model results and Huang and Chen, (2005)
experimental results for: (a) the square vessel type, (b) GA-7 box vessel, and (c) the round vessel type.

In this work, the percentage relative error of vessel transmittance for the square

vessel type over the vessel bottom is ranged from 0 % to 4 % as shown in Fig.11 (a)
and the mean relative error is 0.0035. Figure 11(b) shows the contour lines of the
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percentage relative error over the vessel bottom for the GA-7 box vessel type. The
percentage relative error is ranged from -3 % to 5 %. The mean relative error is 0.0026.
Figure 11(c) shows the contour lines of the relative error over the vessel bottom for the
round vessel type. The relative error of irradiance transmittance over the vessel bottom
was ranged from 2 % to 7 %. The mean relative error is 0.0068. These deviations of the
calculated irradiance transmittance from the measured values are attributed to two
main reasons: in this model the light intensity was assumed uniform around the culture
vessel, but actually the light intensity around the culture vessel is not uniform. The
second reason is that the absorption coefficient and the refractive index of the vessel
material were assumed in this model independent of wavelength, but actually these
radiative properties are slightly dependent on the wavelength. Generally the error is
not large, and the computed values can present the transmittance quite well. This gives
confidence in the estimations based on the present model.

4.2 performances of the tissue culture vessels

Figure 12 shows the percentage contribution of the cover, walls, and reflection average
irradiance to the total average vessel irradiance for the four vessel types used in this
work. The cover contribution decreases with the height of the horizontal level towards
the vessel bottom. This is due to the inverse dependence of the solid angle of the cover
on the square of the distance from the cover. However, the side wall contribution
increases towards the vessel bottom, because of increasing of the side wall area with
the distance from the vessel cover.

The reflection represents the smaller contribution of the total vessel irradiance
along the vessel height for the four types. For the two types of square base: square
vessel and GA-7 box vessel, the reflection percentage contribution increases slightly
with increasing the depth of the horizontal level from the vessel cover. On the other
hand, the reflection percentage contribution is nearly constant for the two types of
round base.

4.3 Effect of the aspect ratio on the characteristics of square
vessels

The aspect ratio for vertical square vessels is defined as the ratio of the vessel height
(H) to the width of the vessel bottom (X). A range of 0.25 — 3 for the aspect ratio was
considered. As shown in Fig. 13(a), increasing the aspect ratio leads to a decrease in
the cover irradiance and an increase in the walls irradiance and a linear increase in the
reflection irradiance. This leads to almost constant total vessel irradiance for different
values of aspect ratio.
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Fig. 12 Cover, walls, and reflection percentage contributions for: (a) square vessel type, (b) GA-7
box type, (c) round vessel type of inclined side wall, and (d) round vessel type of normal side wall

The aspect ratio has no significant effect on the cover transmittance, as shown
in Fig 13(b). However, increasing the aspect ratio leads to a slight decrease in the walls
transmittance and a linear increase in the reflection transmittance. However no
significant change in the total vessel transmittance is shown with the changes in the
aspect ratio. Figure 13(c) shows the effect of the aspect ratio on the mean relative
deviation of the irradiance transmittance for the bottom level for square vessels. This
figure shows that the small mean relative deviation where the best irradiance
uniformity occurs at the small ratio of the chosen range of 0.25 and it reaches a
maximum value at a ratio of 1 corresponding to the worst irradiance uniformity. For an
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aspect ratio higher than 1, the irradiance distribution uniformity starts to be enhanced
gradually, but the uniformity is still not good.
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Fig. 13 Effect of the aspect ratio on: (a) irradiance, (b) transmittance, and (¢) mean
relative deviation, at the bottom for square vessels.

All these changes with aspect ratio are attributed to the changes in the vessel
height, the side walls area, and the vessel cover area with increasing the aspect ratio.

It may be concluded from the current study that the aspect ratio of square
vessels has a small effect on the total average vessel irradiance and vessel
transmittance, with preference of low aspect ratio for the downward lighting systems,
and high aspect ratio for the sideward lighting systems. It is recommended to avoid
using square vessels with aspect ratio value of one because of the worst uniformity of
irradiance distribution of these vessels.

3.0
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4.4 Effect of the aspect ratio on the characteristics of vertical round
vessels

The aspect ratio for round vessels is defined as the ratio of the vessel height (H) to the
diameter of the vessel bottom (D). The values of (H/D) considered for this study were
between 0.25 - 3.

The irradiance reaching the vessel bottom from the cover is reduced as H/D
increases, while that reaching the bottom through the vessel side wall is increased.
Also, increasing the aspect ratio causes a very slight decrease in the reflection
irradiance, as shown in Fig. 14(a). Figure 14(a) also shows that the total vessel
irradiance slightly decreases with the increase in the aspect ratio. Figure 14(b)
illustrates the effect of H/D on the irradiance transmitted to the bottom of vessel with
round base. The aspect ratio has no significant effect on the cover transmittance.
However, an increase in aspect ratio leads to a slight decrease in the side wall
transmittance and a slight linear decrease in the reflection transmittance leading to a
small decrease in the total vessel transmittance. Figure 14(c) shows the effect of the
aspect ratio on the mean relative deviation of the irradiance transmittance at the bottom
level for round vessels. This figure shows that the small mean relative deviation, hence
best irradiance distribution uniformity, is achieved at a ratio of 0.25 and it reaches a
maximum value at a ratio of 1, then it starts to be enhanced gradually, but the
uniformity is still not good. These changes in the characteristics are attributed to the
changes in the vessel height, the side wall area, and the vessel cover area with
increasing the aspect ratio. Thus, it is preferable to use round vessels with values of
aspect ratio lower than 0.5 with downward lighting systems, for enhancing the
irradiance distribution uniformity.

4.5 Effect of the side wall inclination on the characteristics of
square vessels

The increase in the side walls inclination, between 0 — 10 degrees at H/D = 1 for square
vessel, causes an increase in the cover area and consequently in the irradiance reaching
the vessel bottom from the cover (see Fig. 15(a)). However, the increase in the
inclination of the side walls increases the distance the light crosses through the side
wall, causing a decrease in the side walls irradiance. And thus a slight decrease in the
reflection irradiance also. The net result is a decrease of the total vessel irradiance with
the increase of the side walls inclination, as shown in Fig. 15(a). Similar effect on the
transmittance is shown in Fig. 15(b). Also, as shown in Fig. 15(c), an increase in the
side walls inclination for square vessels enhances the uniformity of irradiance
distribution at the bottom level. For vessels with square base, to obtain higher total
vessel irradiance at the vessel bottom it is recommended to use a square vessel with
side walls of zero inclination. However increasing the side walls inclination slightly
enhances the uniformity of irradiance distribution at the vessel bottom.

4.6 Effect of the side wall inclination on the characteristics of round
vessels

For the same conditions as that used for square vessels, the behavior of round vessels at
different inclination angles is shown in Fig. 16(a-c). Generally, the behavior of round
vessel is close to that of square vessel except for the total irradiance and the cover, side
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wall, and total transmittance for round vessel are almost unchanged with the increase
of inclination angle. Thus, the uniformity of irradiance distribution at the vessel bottom
for round vessels can be enhanced by increasing the side wall inclination without
affecting the total vessel irradiance at the vessel bottom.
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Fig. 14 Effect of the aspect ratio on: (a) irradiance, (b) transmittance, and (c) mean
relative deviation, at the bottom for round vessels.

5 CONCLUSIONS

The present work proposes a mathematical model able to predict the internal light
irradiance and the transmittance of culture vessels, taking into account the vessel
material and shape for growth environment with uniform light intensity. Three types of
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culture vessels from those used in the plant tissue culture industries were used: square
vessel, GA-7 box vessel and round vessel. The following conclusions are obtained:

e There is a confidence in the calculated results of this model as its results for

the internal transmittance can predicts the results measured by Huang and

Chen (2005) on the vessel bottom with small relative error.
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Fig. 15 Effect of the side wall inclination on: (a) irradiance, (b) transmittance, and (c) mean

relative deviation, at the bottom for square vessels.
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e The aspect ratio of vessels with square base has a small effect on the average
total vessel irradiance and vessel transmittance, with preference of low aspect
ratio for the downward lighting systems, and high aspect ratio for the sideward
lighting systems. it is recommended to avoid using square vessels with aspect
ratio value of one to get better uniformity of irradiance distribution.

e For square vessels, higher total vessel irradiance at the vessel bottom is
achieved with side wall of zero inclination and increase in the side walls
inclination enhances the uniformity of irradiance distribution at the vessel

bottom.
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Fig. 16 Effect of the side wall inclination on: (a) irradiance, (b) transmittance, and (c) mean
relative deviation, at the bottom for round vessels.
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e Vessels with round base of low aspect ratio are recommended with downward
lighting systems. The irradiance distribution uniformity for round based
vessels can be enhanced by increasing the side wall inclination without
affecting the total vessel irradiance at the vessel bottom.

e Vessels with square base are more preferable than that with round base
because their total vessel transmittance is better for aspect ratio higher than 1.

e Square vessels always give irradiance distribution uniformity at the vessel
bottom better than that of round vessels for zero side wall inclination. But, for
higher inclination angle, the uniformity of distribution of irradiance for round
vessels is always better than that of square vessels.
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