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DISCLAIMER

This field document is one of a series of reports prepared
during the course of UNDP/FAO Project GHA/74/013 "Development
of Forest Energy Resources in Ghana'". The conclusions and
recommendations are those considered appropriate at the time

" of its preparation. As a field document, the contents of the
report are the sole responsibility of the project; endorsement
by FAO is not necessarily implied.



SUMMARY

Gmelina arborea volume taper and bark thickness functions are

described based on 164 felled sample trees, on 30 angle count
plots uniformly distributed in age classes 4 to 8. The taper
functions employ a constrained cubic polynomial of relative
height to predict relative sectional area; bark thickness is
predicted by a homologous function of relative height giving
bark sectional area relative to d.b.h. Underbark taper is
estimated as the difference of the overbark and bark thickness
taper models. A logarithmic volume equation and diameter-height
function are also estimated and an algorithm presented for
unbiased and compatible estimation of volume to different
merchantable diameters from the taper and total volume functions.
An appendix gives computer programs for calculating over and
underbark volumes and log assortments from a stand table of
diameters given different cutting constraints; the programs

are in BASIC and for the HP-41C calculator.

Stacking factors for Gmelina cordwood in 1 m. lengths were
estimated at 0.627 m3/stere. Mean moisture content of felled
trees was 166%; sample height affected moisture content which
ranged from 210% at 1 m. to 110% at 25m. Wood density when
fresh was independent of sample height with a mean of 0.990
Kg/de; oven-dry density increased with sample height from
0.328 Kg/dm> at 1 m. to 0.483 Kg/dm° at 25 m. Mean oven-dry
density was 0.3780 Kg/de. Four sample stacks dried over 5
dry season months (October-March) showed exponential drying.
After 3 months, mean moisture content was 70%; after 5 months,
30%. Piece size affected drying rates; 5cm diameter pices
dried initially at 1.7% moisture content loss per day; 30cm
pieces dried at 0.65% per day. Carbonisation yield at
different moisture contents was calculated theoretically and

related to actual characteristics of Cmelina wood.
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1. INTRODUCTION

Since 1971, there has been an interest in establishing exotic
plantations in the Subri River Forest Reserve in the Western
Region of Ghana, with a view to providing a raw material base
for the establishment of a pulp mill at Daboase, some 10 to
15 km distant. During its early phase, this plantation
establishment was carried out under the auspices of the
Forestry Department of Ghana, and relied mainly on the
so-called 'slash and burn' technique of salvage logging,
followed by clear felling of the natural forest and its
burning in situ; planting of Gmelina arborea, the principle

species, was then carried out later in the season directly

into the ashbed.

The 'slash and burn' technique was not very successful.
Establishment was often patchy, and both yield and form were
poor. This is principally due to the intense competition
from Siam Weed, Eupatorium odoratum, whose growth is
stimulated by burning. From 1977, the UNDP/FAO Project
"Development of Forest Energy Resources in Ghana" pioneered

a new method of establishing plantations, the Subri
Conversion Technique. This has been documented elsewhere [1].
The essence of the Subri Conversion Technique is to

offset plantation establishment costs against production

of charcoal and fuelwood from the indigenous forest.

By 1980, the area of Gmelina arborea effectively established

was 759 ha. At that time, little mensurational work had
been conducted in the plantations, whilst there was intensified

interest in the feasibility of the Daboase pulp mill.

The present author was therefore instructed to prepare

volume and yield tables for the existing Gm®lina plantations,
that would provide a basis for future planning. Accordingly,
felled volume sampling was carried out between September 1980
and February 1981; and a plantation inventory from July to
October 1981, The results of this work have been partly
reported in an earlier publication [27], which gives yield

tables for Gmelina.



The present report is concerned with the detailed analysis
of the volume and stem taper data gathered from the felled
volume sampling, and also the wood density and moisture

content studies conducted at the same time. It provides:

- A total volume tarif for Gmelina entered by

diameter or diameter and total height;

- A stem taper model for derivation of form-factors

for volume to different diameter limits;

- A bark thickness model, entered by sectional

diameter;

- models relating drying properties, wood density

and moisture content to mensurational parameters;

- estimated stacking factors for Gmelina shortwood.



2. SAMPLING METHOD

2.1 Location and demarcation of plots

Plots were located subjectively in the age classes, six plots
per age class from P72 (8 years) to P76 (4 years).
Constraints were placed on plot selection to avoid gaps

and understocked stands, and locations within 50m of a road

or 200 m of another plot in the same age class.

Plots were demarcated by Relascope using a metric angle
count factor of 4 mz/ha, i.e. two relascope bands. Those
trees counted in from the plot centre were marked for

felling.
The distribution of plots and trees by age classes is shown

in Table 1 below.

Table 1 : Distribution of volume sample plots
by age classes

Pyr Age No. Plots No. trees
1972 8 6 23
1973 74 6 42
1974 6 6 30
1975 B 6 24
1976 4 6 35

The theoretical advantage of selecting the sample by angle
count is that the sample will be biassed towards larger
trees. In fact the probability of inclusion is proportional
to D2. Since the error variance for volume equations is
also approximately proportional to D2, this gives an
optimum sample distribution for construction of total

volume equations.



2.2 Felling and measurement of trees

The intention was to measure all trees in 1 metre sections
from ground level, both over and under bark, to a practical
limit of 5 cm diameter over bark. The continuity of the

1 metre sections would be maintained along the larger branches.
A recording form was designed for this purpose, form inv/2,
which is shown in Appendix B along with the field instructions

to Technical Officers.

In practice trees were felled as close to the ground as possible,
either by hand saw or axe. Before felling the 1 metre and

1.3 metre points were marked. The total height was then
measured from the 1 metre point, and adjusted accordingly.

Total height was measured to the point over the main bole,

and not necessarily to the highest point of the crown.

The tree was marked into 1 metre sections. Forked sections
were marked on both branches at 1 metres from the base of the
section, with measurements then continuing along each branch.
The trees were cross-cut by hand saw, and each log marked
with the plot number, tree number, and section height.
Diameter over bark was measured by tape at the top of each
section; a strip of bark 2 cm wide was then removed, and

diameter under bark recorded.

After measurement, all the wood from one plot was stacked
into a rectangular stack which was measured in the vertical
and horizontal dimensions three times on the front and back
faces of the stack. The average length times the average
depth gave stack volume in steres. The stack was assumed to

be 1 metre deep since all pieces were 1 metre lengths.



3. TREE VOLUME TARIFS

3.1 Tree volume calculation

Tree volumes were calculated with a modified version of
Smalian's formula suitable for the system of measurement
adopted. This was:

o K T . X -
e ﬁ-l(i—l T ?:1 P35, i

where:

V is tree volume to the measurement 1limit, in m3.
k 1is the constant 0.00007854 to convert diameters

squared in cm., to circular sectional area in m
T 1is the total number of height sections measured.
h is the height in metres, of a given section.

n, is the number of stems at height h.

h

Di he1 is the diameter in cm. of the i'th stem at
o Fi
height h-1.

Dj h is the diameter in cm of the j'th stem at
s

height h.

Note that the section length between h and h-1 is always 1
metre and so does not appear explicitly in the volume formula,
The diameter at the base of the stem DO’ was not measured

and was assumed to be 10% greater than the diameter at 1 metre,

i.e.:

The tree volume is overbark where diameters are overbark,
and underbark volume when underbark diameters are used in the

above eguation.



3.2 Single-entryv volume tarif

For practical purposes a single-entry volume tarif that gives
tree volume from diameter at 1.3 m over bharkK is often the
most convenient form to use. A logarithmic equation of the

form:
log )V =2a + b log D -(3.2)

. . 3
where V is total volume overbark in m~ to a 5 cm measurement

limit, D is diameter in cm. overbark at 1.3 m, was fitted with

the coefficients:

a -8.724
b 2.354

with an R2 of 0.9479 and 164 sample trees.

3.3 Double-entry volume tarif

In situations where tree total height can be measured or
estimated, then a double entry tarif is usually more precise
than one entered by diameter alone. The logarithmic

equation:

- - 30
log, V = a + by logD + b, log  H (3.3)

where V and D are as above, and H is tree total height in

metres, was fitted with coefficients:

a =39.800

bl 1.966

b2 0.800
2

with an R™ of 0.9746 and 164 sample trees.

Figure 1 illustrates the single-entry volume tarif, together

with the data.

BT
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3.4 Height-diameter relationship compatible with
volume functions

It will be noted that equations (3.2) and (3.3) can be
combined to eliminate the volume term V and manipulated
to give an expression for height H in terms of diameter D:

H = 3.83814 p°485 —(3.4)

This equation is graphed in figure 2, together with

the height-diameter data from the sample trees. Height

in this case refers to total height from the ground to a
point projected onto the tree crown envelope along the line

of the main bole.

It will be seen that equation (3.4) appears slightly biased
with respect to the data. However, it provides a method

of deriving tree height that is compatible with unbiased
volume estimation; this is important when considering the

practical application of the tree taper function.

* * * * * *

Derivation of eguation 3.4

ln V = -8.724 + 2.354 1n D ' -(3.2)
ln V = -9,800 + 1.966 1n D + 0.800 1n H -(3.3)
subtracting:
0= 1.076 + 0.388 1In D - 0.800 1n H
P in H = (1.076 + 0.388 1n D)/0.800
= 1.345 + 0.485 1n D
taking antilogs to base e of both sides:
H = %,83814 pP++92 -(3.4)
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Figure 2 : Height-diameter function derived from
volume tarifs

This computer-generated graph shows height-diameter
data (*) from the volume sample trees, together with
the derived height-diameter function described in
section 3.4:

0.485
H = 3.83814 D

which is plotted as (h).




4. TREE TAPER FUNCTION

4,1 Introduction

A tree taper function relates diameter up a tree to the height
above ground. It is a mathematical model of the shape of the

tree bole. It can be used to answer questions concerning:

- Volume to given upper stem diameter 1limits

- Volume given constraints on minimum log length

- Details of log assortments or size distribution
given a fixed cross-cut length, as for a shortwood
harvesting system,

and so on.

A discussion of the general principles involved can be found
in the FAO "Manual of forest volume estimation and yield
prediction" [3]. Sutter has fitted taper functions to

Cmelina arborea data in Nigeria [47]. The same principles

are applied here, but the function adopted differs in

detail.
4,2 DNotation
The following symbols are used:

Sectional area at a given height up the stem;

g
G Tree sectional area at breast height over bark;
h Height up the stem corresponding to sectional
area measurement g.
Tree total height.
9, The ratio g/G;
h, The ratio (h-1.3)/(H-1.3);

Note that at breast height, g, is 1, h_ is zero. At the

top of the tree, g_ is zero, hr is one.



4.3 The basic taper model

The basic taper model was derived from a cubic polynomial of
h_, vizi-
2 3

h “ + b.h -{4,1)

9 ~ bo L blhr % b2 r 3k

r

where b_ to b3 are coefficients. This is sufficiently
flexible to adapt to the main features of the shape of the

taper function, without being too complex.
As g_ =1 when hr = 0, then:

b =1 -(4.2)

=

3

Q,

]

0]
Q

a
]

0 when hr =1, then

O =1+ b, + b2 + b

1 3

and hence:

b, = -(1 + b, + by) -(4.3)
Substituting items (4.2) and (4.3) into equation (4.1)
and renaming coefficients bz,b3 as a_, a,, we have:

7 =

= - +
g, 1 hr(l a, al) + aohr + a.h

1Py -(4.4)

Equation (4.4) is the basic taper function adopted. It
will be noted that it is non-linear in the parameters ag and
a_, which accordingly must be estimated by generalized

1
¥ast squares methods.

It will be noted incidentally that the derivation of
equation (4.4) can be applied to higher order polynomials,
to give a general n'th order model of the form:

- n i+2

g = X o=Hh_ (1 %8 @) + i a.h -{4:5)
£ 2 i=0 ? 1= * ¥

=T =



4.4 Analysis of CGmelina taper data

On the 164 sample trees measured, there were 2447 upper stem

diameter measurements not pertaining to forked stems or
branches; these latter were omitted for purposes of analysis.

This data was initially grouped into classes of hr and tree
diameter/height ratio D/H, and the mean value of g, for each
class calculated. Average taper lines for each D/H class
were plotted manually. There appeared to be no marked effect
of D/H on tree shape.

Accordingly, all the data were pooled into classes of hr only.
The 9, values for each hr class are plotted in figure 3. To
this data, the model given in equation (4.4) was fitted using
the generalized least squares program SNIFTA [5]. The

resultant parameter values were:

a 2,59799

a -1.16783

with a coefficient of determination of 0.9820. The function

is shown in figure 3 as the heavier line.

4.5 Solving the taper function for merchantable height

The taper model given in equation (4.4) gives a cross-sectional
area for a given relative height. This is the most convenient
form in which to express the model for integration to

caiculate volume. However, for most purposes, it is

necessary to calculate a height up the tree for a given
merchantable diameter limit. The merchantable diameter d

can be converted to a value of a, by noting that:

g, = a’/p’ ~(4.6)
where D is tree d.b.h.
Eguation (4.4) cannot be solved for hr by direct algebraic
manipulation. It can however be easily solved by the

Newton-Raphson iterative method. Given a general problem

- 12 -



Figure 3 : Taper function for Gmelina arborea
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in the form:
y = £(x) -(4.7)

where y is known, and f(x) is a function of x, then x

can be solved by the recursive system:

x* = x - [f(x)-y]/f"'(x) -(4.8)

where x* is a better estimate of x. f'(x) is the first
derivative of f(x) with respect to x. System (4.8) is

solved by supplying an intial guess of the solution

required, x. Eguation (4.8) calculates a better estimate x¥*.
It is then solved 2gain substituting x* for x on the left-hand
side. This is repeated until the difference between X and X*
becomes small enough to be negligible; x* is then the

solution required.

In the context of the tper function (4.4), we note that the

derivative f'(hr) is:

2
s - - - o]
f (hr) = (1+ao+al) + 2aohr + Balhr (4.9)
and the ceneral solution 1is:
= = - 7 . =
B* = &, —[L(hr) grﬁ/f (hr) (4.10)

In Appendix A, two computer programs are given for
solving equation (4.10). The first is for the Hewlett-
Packard 41C family of calculators; the second is in

ANSI minimal BASIC, suitable for microcomputer applications.

The Newton-Raphson method, although algebraically a little
more complex than some other methods of numerical solution,
has the advantage of second-order convergence; typically
only 4 iterations are required to solve hr given an initial
guess of 0.5 for any value of g, to a precision of 4

decimal places.



4.6 Calculation of tree volume from the taper function

Integrating equation (4.4) between height limits corresponding
to stump height h, and the height of the merchantable
diameter h gives a form factor which can be used to
calculate volume directly:
hl
B, = i £(h_).ch_ -(4.11)
o
where F_ is the form factor to the merchantable limit hm'
The height hm will be determined for a given diameter 1limit
using the procedure described in section 4.5, principally

equation (4.10).
Volume is derived from the form factor in the usual way:

Vm = FmGH -(4.12)

Note that the integral of the taper function is given by

2 3 4
- - 1 - a 1 1/ - A
ff(hr).dhr h, - %h "(1+a_+a ) + @ h © + ka h (4.13)
Appendix A gives computer programs for calculating equation
(4.13) and the definite integral equation (4.11) for a

specific form factor.

In practice, it is often found that volumes calculated
directly from taper functions are somewhat biased when
compared with a total volume equation such as (3.2). This
arises because the least squares fit to taper data is
unbiased only with respect to sectional areas, and not

necessarily with respect to volume.

To avoid these problems, and also to provide a taper model
which can be used when total height is unknown, the
following procedure can be adopted for a tree of diameter

D and merchantable diameter Dm:

L



(1)

(2)

(3)

(4)

(5)

This will always give volumes compatible with equation (3.2).

Calculate volume to a 5 cm measurement 1limit, V5 from

equation (3.2).

Calculate total height H from equation (3.4).
Calculate height to 5 cm 1limit, hg; and height to
the merchantable limit in question hm from

equation (4.10).

Calculate form factor to the 5 cm limit F5 and to
the merchantable 1imit E from equation (4.11).

Derive merchantable volume from:

V= (Em/FS).VS -{4.14)

It can be seen for example that when Fm = F5 then

equation (4.14) becomes an identity.

The subroutines for calculator and computer in Appendix A

follow this procedure.

- 16 =




5. BARK THICKNESS AND UNDERBARK VOLUME

5.1 Compatible bark thickness and underbark taper functions

If bark thickness is expressed as sectional area of bark

relative to tree basal area:
-(5.1)

where do is overbark diameter, d, underbark diameter, and

D tree dbh over bark, then this can be plotted against
relative height hr as defined in section 4.2. The result

is shown in figure 4 for Gmelina bark thickness data grouped

into relative height classes.

If a cubic polynomial is fitted which is constrained to pass
through the point (h =1, br=0), then one derives the

function:
b = -(b_+b.+b,) + b h +bh2+bh3 -(5.2)
r o A2 O r 1r 2°r :
with:
bo = -0.480301
bl = 0.667980
b2 = -0.352390

This cubic polynomial is admittedly not the optimum model

to fit the data in figure 4; a certain lack of fit is

apparent in the graph. However, function (5.2) is sufficently
satisfactory for practical purposes and has the important
advantage that it can be combined directly with the overbark
taper model to yield an underbark taper equation that

yvields consistent bark thickness estimates by subtraction.

Note that the overbark taper function is:

2 3
1 - hr(1+ao+al) + aohr + alhr -(4.4)

\Q
]

where:

o



—o grouped bark thickness data

- 2 . 3
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Figure 4 : Bark sectional area as a function of height
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Subtracting eguation (5.2) from (4.4), one derives an

underbark taper function of the form:

3 2 3 i
4. ~/D" = e ¥ oh. % c,h ” + cgh -(5.3)

where the coefficients c, to cy are given by:

cO = 1 + bO + bl + b2
= 0.835289
cl = (1 + ao + al - bo)

= -1.949859

= 1.930010

Gl = Bpamay

= -0.815440

5.2 Calculation of underbark volume to given diameter limits

As with the overbark taper model, an underbark form factor

s is derived by integrating equation (5.3):

h
1 2 2
F = [ (4.°/D°).dn -(5.4)
u u r
h
(@]
- [c.h. + % .h % + %c,h 3 + %eon 4]h1 -(5.5)
= LGSy 2C1 0y S -3y ho )

The limits of integration ho and hl are estimated from,
respectively, stump height and height to a given merchantakle
diameter limit. This latter is estimated as described in
section 4.5. Note however that when using an under bark
diameter 1limit, then equation (4.10) should be applied

with the following substitutions:

2,2
gr = du /D
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Again, as
estimates
knowledge

using:

where:

f(hr) is equation (5.3)

2

f'(hr) = c, + 202hr + 3c hr +{%5.6)

1 3

in section 4.6, compatibility with total volume
and elimination of the necessity for a prior

of tree total height can be achieved by

/F | I ={5,7T}

u,m 0,5 "u,m 0,5

Y is underbark volume to a merchantable
diameter 1limit m. This can be underbark
or over bark diameter. If it is underbark,
then equations (5.6) should be substituted
into (4.10) when estimating merchantable
height.

\Y is total overbark volume to 5 cm diameter

limit, estimated from equation (3.2).

F is overbark form factor to a 5 cm diameter
limit estimated from the taper function

as described in section 4.6.

F is underbark form factor to merchantable

limit m, estimated from equation (5.5).

Computer and calculator procedures for these estimates are

given in Appendix A.




6. SOME PROPERTIES OF Gmelina WOOD

6.1 Introduction

Density, moisture content, and drying characteristics of
Gmelina wood were studied using sub-samples derived from
felled volume trees. The results of these investigations
are presented here. They provide some useful management
information for the Cmelina planations with regard to
reduction of haulage costs and maximization of fuelwood and

charcoal calorific yields.

6.2 Conversion factor for stacked to solid wood

A total of 29 Gmelina stacks were measured, using piece lengths
of 1 metre and diameters from 5 to 60 cm. overbark. The

pieces were not split.

The mean stacking factor was 0.627 m3/stere. The standard
deviation was 0.053 m3/stere, and the standard error of the
mean 0.0098 m3/stere. The reliable minimum estimate for the

stacking factor at the 95% probability level is 0.607 m3/stere.

It will be appreciated that this agrees very closely with
stacklng factors for indigenous wood glven in [6] of 0.624

m /stere. ﬁote ghat in both cases plece length is 1 m. A
longer piece length wood probably be used in a real cordwood
harvesting system, such as 1.5 or 1.8 m. In such a case the
stacking factor would need to be re-assessed. Stacking factors
for split wood, and for wood inside charcoal kilns at

variable orientation would also be different.

6.3 Drying time of stacked wood

Four stacks from the volume sampling were transported

to an open location near the Renewable Fuels Unit laboratory
at Daboase for drying studies. The stacks were weighed
initially on the day of felling, and then at intervals of
one , three and five months, for three of the stacks. One

stack was measured at two months only. The stack weights,

sxn Bl 5



There is a page
numbering error, page
21 is used twice.

expressed as a percentage of their fresh weight are

shown in figure 5 plotted against drying time. Note that the
experiment was conducted between October and March, and
therefore spans the main dry season. After March, the stacks
began to suffer from termite attack, and the experiment was

discontinued.

An exponential decay model was fitted to the data, in the

form:
W = (1OO-a)e-rt + a -(6.1)

with the coefficients r and a representing respectively
drying rate and asymptotic stack weight. W is weight as
a percent of fresh weight, and t is elapsed time in days.

Coefficient values obtained were:

r -0,00894
a 40.0

with a coefficent of determination of 0.885 and 10 data

points.

It should be appreciated that these stacks were dried in

direct sunlight in an open location.

Note that the relationship between moisture content and
the weight as apercentage of original weight, W, is as

follows:
W = (100 + mt)/(lOO + mo) -(6.2)

where me is moisture content % after + Aaye, and mo io
moisture content % at day zero. The moisture content
percent scale shown on figure 5 is derived from this
relationship, using an initial mean moisture content of
166.3%, based on 65 samples. As there is considerable
variation in moisture content, and the drying stacks could
not be sampled destructively, the scale shown on figure 5

should be regarded as indicative rather than absolute.
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6.4 Effect of diameter on drying rate

Examination of figure 5 shows that during the first three
months, the drying process is approximately linear, i.e.

the rate of loss of moisture content is uniform.

Accordingly, data from individual logs was plotted in

figure 6 to show the daily rate of moisture content reduction
against log mid-diameter. These data were taken from the
stacked logs, and accordingly there is considerable variation
due to differences in insolation, shading, exposure, etc.

The moisture content of the pieces was inferred indirectly
from the wet-weight and the volume, assuming a constant
oven-dry density of 0.3780 kg/dm3.

The model fitted to this data was:

1% = 3.985 p~0°523 -(6.3)

where L% is the daily moisture content reduction, %/day,

and D is log mid-diameter over-bark, cm. The coefficient of

determination (RZ) for the model was 0.557 with 88 data points.

The above equation can be converted to estimate the moisture
content of a log of diameter D, initial moisture content MO,

after t days, as follows:

M =M - t.3.985 p-0:923 —(6.4)
t o

For a stack of pieces of different diameters, average
moisture content will be obtained from the above as:

Qt - [:(MO t.g.oesn'o‘523>D2]/ED2 —(6:5)

which is simply the weighted average of equation (6.4), using
piece sectional area as weight. This is equivalent to
weighting by volume for logs of uniform length. Note that

in the above, Mt is log moisture content t days after
estimation of M, and Ht is mean moisture content of a stack

after t days.
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Figure 6 : Effect of piece size on rate of drying

This figure shows average moisture content loss per
day for unsplit roundwood, with bark, during the
months October-January, for the first three months of
drying.

Data is shown by * for 88 1logs.
The solid line represents the model:

MC loss/day = 3.985 Diam-o'323



6.5 Variations in moisture content within the tree

During the felling operations, 61 logs were taken and
sampled for moisture content by drying to constant weight at
1050C. The moisture content of these samples averaged

166% with a standard error of the mean of 4.4%.

It was found however, that there was a systematic effect of
the height of the sample in the tree upon moisture content.
Figure 7 shows the sample data, together with a fitted

model:

MC% = 217.8 + 7.974 h + 0.1559 h2 -(6.6)

where MC% is the moisture content of the sample, and h is
the sample height above ground in metres. The coefficient

of determination of this model was 0.650, with 61 data points.
The samples were taken between October and January. One

would expect seasonal effects upon moisture content to also

exist; these however have not been studied.

6.6 Variations in wood density within the tree

The density of the green wood is independent of sample height,
and has a mean value of 0.990 kg/dm3, with a standard error

of 0.010 kg/dm3.

As would be expected, the oven-dry wood density does vary
with height, although the correlation is less strong than

for moisture content. A linear regression of the form:
Density(dry) = 0.3212 + 0.006468 h -(6.7)
had a correlation coefficient of 0.633 (RZ 0.4004). The

mean oven dry density of all samples was 0.3780 Xkg/dm3,
with a standard error of 0.0074 kg/dmS.
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Ficure 7 : Effect of sample heicht on moisture content

The figure shows the moisture content, % oven dry basis,
of samples taken at different heights up Gmelina arborea
trees., * are data points; + predicted values from the
equation:

MC% = 217.8 - 7.974 h + 0.1559 hz

There are 61 sample points.



6.7 Relation between moisture content and charcoal production

It is useful to be able to convert from moisture content to
potential charcoal production. A theoretical model for
this purpose can be constructed on the basis of the

following assumptions:

- The calorific value of charcoal, V »~ 30 MJ/Kg*;
- The latent heat of vaporisation of free water in
wood under kiln conditions, L = 2.26 MJ/Kg;
- The conversion ratio of 1 Kg of dry wood to charcoal,
K ~ 0.32 Kg charcoal/Xg wood. This refers to oven
dry wood under optimal kiln management.*
- The mean stacking factor for wood in a small kiln,
S ~ 0.45 m3 wood/ m3 kiln volume.*
- The mean oven dry density of Gmelina, G %~ 0.3780 Kg/dm3.

Note that:

-(6.8)

(®]
1]
«
|
(@]
I
(@]

P o w X

where Cp is the realised charcoal production, Kg; CO is

the theoretical charcoal production if there were no free
water in the wood, i.e. for oven dry-wood; Cor is the
equivalent mass of charcoal required to be burnt to vaporise
the free water in the wood; and CX is wastage due to

partial carbonisation (brand formation) or excessive oxygen
(combustion of charcoal). In the present analysis, optimal
management and kiln walls impervious to air are assumed, SO

that C is negligible.

Thecorctical charcoal production is determined from the

conversion ratio of oven-dry wood to charcoal, K:
C_ = K.M -(6.9)
o o

where Mg is the mass of oven-dry wood in the kiln, Kg

* Data provided by J. Lejeune, project charcoal engineer.



The charcoal-equivalent used to drive off free water in the
wood depends on the latent heat of vaporisation of water,
the calorific value of charcoal, and the mass of water

involved:

c, = (L/V).(w/lOO).MO -(6.10)
where w is the moisture content percent of the wood; the

other variables are as defined above.

The production ratio, assuming wastage C, is negligible,

is therefore:

N = T 1 -
Cp/uo K (L/V).w {6.11)
This ratio is plotted on figure 8 agaist moisture content.
Note that provided calorific value V and conversion ratio K
are independent of species, as appears to be generally true,
this ratio is also species independent, and applies to

Cmelina, Cassia siamea, and indigenous hardwoods.

Actual yield of charcoal by weight per unit of kiln volume

is also shown on figure 8 for Gmelina arborea, and is

derived from:

cV = (Cp/MO).(S.G.looO) -(6.12)

where CV is charcoal production per unit kiln volume, Kg/m3.
Note that the stacking factor may be as much as 20% higher or
lower, depending on piece size, Kiln shape, etc. A typical

value of 0.45 is used for the above.

It will be interesting to plot data from actual kiln

operating experience on the graph in figure 8 to compare the
theoretical analysis and practical situation. Earl [7] shows

a nonlinear yield function with moisture content from
experience in Uganda; one may expect that at higher moisture
contents the steam will interact with the carbonisation process,
perhaps accounting for the departure from the theoretical

linear model developed above.

= gl
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7. CONCLUSIONS

The stem taper functions presented here have a high order of
flixibility in application, and provide a valuable tool for
planning and operational analysis. Calculation of volumes
with the taper functions are only readily practicable by
computer or programmable calculator, and they will normally
be used as part of a yield modelling system. Harvested
volumes and size distribution of logs can be calculated

on the basis of:

Inputs: Stem diameter distributions of GCmelina stand

concerned.

Constraints: Fixed log-length piece size, or minimum

and maximum log lengths. Minimum and maximum

acceptable diameters, defined over or under bark.

The routines in Appendix A produce from the above the volume
over and under bark, and a frequency distribution of 1log
diameters for fixed-length harvesting; for variable log-length

harvesting a size and length distribution table is produced.

The wood properties are of value in operational analysis of
haulage costs, charcoal and fuelwood yields, and timing of
operations. However, it should be noted that drying and
moisture content studies need to be supplemented by wet
season data. The drying curves are also based on an
insufficient number of sample stacks and measurement points.
The correlation of drying with thermohydrographic data in
different situations (e.g. under forest canopy, at the

roadside, and at open clearings) would be desirable.

It should also be noted that the results presented here are
for first rotation Gmelina stands planted as seedlings or
stumps. Coppice regeneration might well have different taper
and wood density characteristics. This will require study

if such a management practice is adopted.

Finally, it should be noted that the results here pertain to
Cmelina arborea. However, the taper function procedures can

readily be applied to other species; the programs in Appendix

= A0 -
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A only reguire alteration of the coefficients. Note however
that this does not apply to typically multistemmed species

such as Cassia siamea under a coppice rotation.
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A.1 BASIC suhroutines

The listing overleaf gives two subroutines in standard

BASIC:

line 1000 Initializes the taper function module. Must be
called once only from the main progr m before
execution of subroutine 2000 below. No parameters

are defined.

line 2000 Executes the taper function module. The following

variables must be set on entry:

Tree dizmeter at 1.3 m., ob.

w}

D1 Top diameter limit, cm. May be specified
over or under bark, according to U below.

i1 Length of logs, for pice size distribution
analysis, in metres.

U Set to 1 if D1 defines underbark top diameter;

otherwise set to O for overbark top diameter.
On exit, the following values are returned:

V1l Overbark volume, m3 to the top diameter limit.

V2 Underbark volume, m3 to the top diameter limit.

N Number of logs of fixed length L that can be cut.
Ll List of log mid-diameters, L1(1) to L1(N),

in cm. overbark.

The following additional variables can also be

referred to on exit:

H9 Tree total height, m.

V5 Tree volume to 5 cm ob from tree volume
equation.

H1 Height to top diameter 1limit, m.

HO Stump height, preset to 25 cm at line 2020
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APPENDIX B

‘or volume sampling
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Purpose

The purmse of the volume sampling in plentetions is to provide data

for a volume table of C lina arborea, The cdesign of the samplixg

will permit volume tables to be derived using dia:eter, diameter

and height, or stand basel area to predict =0lid wood voW“de to

different top diemeter limits, or stacked wood volumes, snd obtein

conversion factors from solid to stacked volume,

Location of szmple plots

The sample plots will be located subjectively in areas irndicated

by the inventory officer, The objective is to place 3 to 4 plots

in each age cless, on different sites, to give a total of cbﬂut

30 plots., The bearing and distance of theplot centre from the

nearest roed will be noted on the back of form 1. At the roadsigde
e

& merker post will be placed indicating the plot numbder,

¥ezsurement of <the plot

(1) The plot cent*e will be merked by a short post, The exact
location of the plot ven»re is chosen arbitrarily, but should be et
least 1 metre from the nezrest iree.

(2) The Relaskop is used, stencding et the plot centre, to

(i) Count =211 the trees thet sppesr wider than one band =t
& Leight of 1.3 ms This count is entered on Form 1 zs the
ingle Count Factor.

(ii) Mark &1l treces that lcok wider then 2 bands. The dizmeter
et 1,3 m, for the marked trees should be recorded, Ecch
tree marked should be numbered with wax pencil or timber
scribe,

(3) Zazch numbered tree is felled,  On the felled tree, the following

meesurements are made andé recorded on Form 2:

(2) The totsl length of the felled tree is mezsmred to a
point estimated as the top of the crown directly over the
bole, This is acced to stump height to give total tree
height.

(p) The tree is merked with 2 cutlass at 1 metre intervels
up the stem and zlong each side branch until a diameter
limit of 5 cm is reached. The logs =re numbered according
to their height above ground. The bottom log is measured
as 1 m from ground level, rather than from the top of the
getump. It is more convenient to mark this point before

the tree is fellee.
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(¢) Iogs zre crosszut =zt ihe marked poi
of each log is marked with plot/ire
The log from 3-4 m on tree 2 of plo
7/
5/2/4
(é8) The top diemeter of esch log is mee
recorcded, A thin ring of b-rk, not
is then removed, and the underbark

nts., The tcp end
e/log ro. Eg:
t 5 would be merked:

sured over berx &nd
more then 1" wide
Cicmeter measured.
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APPENDIX C

Gmelina volume tables

The volume tables shown on the following pages are produced

using the subroutines in Appendix A.

The columes are as follows:

tree diam

merch diam

vol ob

vol ub

bark vol %

no. 1 m. loags

mean log diam

Tree diameter overbark at 1.3 m, cm. This

is the main entry for the table.

The top diameter 1limit, cm. overbark. The

zero top diameter gives totoal volume.
Volume overbark, m3 to the merchantable limit.

" underbark " " " m ” " "

The percentage of the overbark merchantable

volume comprising bark.

The number of 1 metre pieces in the tree,

to the merchantable 1limit specified.

The mean overbark diameter of the 1 m. pieces,.

The table is for trees from 6 to 60 cm dbhob, in 2 cm

increments.
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