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ENERGY IN SOUTHERN AND EASTERN
SUB-SAHARAN AFRICA

*M | GIELINK

In this report a summary is made of the energy situation in a region defined by the World Energy Council as Southern and Eastern
Sub-Saharan Africa. In general, the region is characterised by large population growth rates, instability, massive urbanisation, poor.
education, a low level of development, lack of finance and inadequate institutional structures, all of which impact on the energy
sector, making the provision of sustainable and adequate energy difficult.

A large portion of the region’s energy demand is derived from traditional energy sources and is consumed by the domestic sector.
In many of the countries energy demand exceeds sustainable supply, resulting in deforestation, both of which need to be
addressed as a priority issue.

Although commercial energy resources are abundant within the region, they are largely unexploited mainly as a result of a lack of
suitably large markets, vast distances, a lack of finance, and regional instability. The promotion of the exploitation of energy
resources is largely reliant on regional co-operation and energy interchange.

It proposed that any long-term cost-effective solution for the provision of adequate and sustainable energy requires regional
stability and co-operation, institutional reform, the integration of traditional and commercial energy sectors, and should address the
issues of deforestation and population growth.

KEYWORDS: Sub-Saharan Africa; energy
INTRODUCTION

The Southern and Eastern Sub-Saharan African Region
(SESSAR) considered in this paper is bounded in the

DEMOGRAPHY

Introduction

There has been rapid population growth within the region
and population growth rates are significantly higher than

North by Zaire, Sudan and Ethiopia, and includes certain 5
Indian Ocean islands. The topography of the region is
diverse, with tropical forests in the equatorial region and
more arid savannas and desert areas further to the North
and in the South. Water resources are abundant in the
central equatorial areas but scarce elsewhere in the
region. Other resources, such as energy and minerals, are
abundant throughout the area but vary in type and location.
Economic development within the region is dominated by
South Africa which is responsible for some 56% of the
total Gross Domestic Product (GDP) of the region™.

The prevailing political climate of the region has greatly
affected the institutional structure of all sectors, includ-
ing the energy sector. As a result, energy institutions are
frequently characterised by insufficient autonomy, poor
accountability, and a lack of market orientation. Energy
issues are often politically driven. Price controls, taxes
and subsidies are common, often causing distortions in
production and distribution. Co-ordination between
various government departments concerned with energy

MILLIONS
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is often poor, especially in relation to financing issues. 190+
The region is characterised by population growth rates
which are extremely high by world standards and by an. 170

age structure which is heavily skewed towards young
people. Education levels are low and there is a serious
shortage of technical skills. There are numerous health

problems, such as a shortage of medical facilities, high 150 0
disease rates (including AIDS), and inadequate hygiene. AR AR RN
The major portion of the population lives in the rural 1965 1970 1975 1980 1985

areas, although the rate of urbanisation is escalating
rapidly. However, in the urban areas there is an acute
shortage of housing and basic facilities.

= SIZE ¥ ANNUAL GROWTH RATE

Figure 1.1: Population of the Southern and Eastern

*Research Engineer, Generation Group, ESKOM, c/o Energy Re- - _
Sub-Saharan African region.

search Institute, P O Box 33, Plumstead 7800, South Africa
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in” Western industrialised countries. In many of these
countries the real GDP growth rate in local currency has
not been able to keep up with the population growth rate,
resulting in a decreasing trend in real GDP per capita.
This has been exacerbated in many cases by a decrease
in the local currency value against the US dollar.

Figure 1.1 shows the size of the population and the popu-
lation growth of the region over the period 1968 to 1988.
The high population growth rate (and low life expec-
tancy) has resulted in a young population in the region.
On average, over 45% of the population of countries in
the region are under 15 years old and some 65% are
under 25 years old®”. Notable exceptions include South
Africa (35% and 56% respectively) and Mauritius (30%
and 52% respectively). In Europe and America popula-
tions are relatively older and, on average, 19% are under
15 years of age and 35% are under the age of 25°.

The present level of urbanisation in the region is relatively
low, typically ranging between 10% and 30%, with a few
notable exceptions such as South Africa (60%), Zaire
(40%), Zambia (50%) and Mauritius (41%)*®. Due to po-
pulation pressure on the land, the associated degrada-
tion of the soil, and the poor economic prospects in the
rural areas, many people are migrating from rural areas
to the cities where they perceive prospects to be better.
Thus urban population growth in the region is very high,
far exceeding the average population growth rates. This
has resulted in the proliferation of peri-urban squatter
settlements, as well as the related socio-economic prob-
lems, and is creating extraordinary demands for housing,
services, energy and jobs which are far beyond the ca-
pacity of most cities to fulfil.

The lack of employment opportunities in the formal sec-
tor has resulted in a fast-growing informal sector. The
lack of job opportunities at home and the better pros-
pects and living conditions abroad have influenced many
of the better-educated to emigrate. This has undermined
the ability of these countries’ economies to develop and
provide employment for the population, resulting in a
serious shortage of technical expertise and skilled man-
power in the energy sector.

Table 19
Country Scientists and Tertiary
technicians per 1 000 graduates as
people (1986-88)  a percentage of
corresponding
age group
Botswana 1,2 0,6
Djibouti 0,1 —
Kenya 2,5 0,2
Malawi — 0,1
Rwanda 0,2 0,1
Sudan 0,1 04
Zaire — 0,2
Zambia 44 0,2
Zimbabwe — 0,5
Canada 257 14,0
Japan 317 11,5
Spain 130 5,1
Sweden 262 10,7
USA 55 15,5
4

Of particular concern to the energy sector, as well as the
industrial sector, is the lack of suitably qualified and
competent technical and scientific personnel at all levels.
This is reflected in Table 1 which shows the number of
scientists and technicians per 1 000 people and the ter-
tiary graduate ratio in the SESSAR countries and com-
pares them to the position in industrialised countries.

Education will be a vital ingredient in any solution to the
region’s problems, especially with respect to the curbing
of population growth, development of the economy and
the provision of jobs. In this respect the creation of a
technical skills resource base is essential.

Culture and Nationalism

Prior to colonisation the region was traditionally divided
by the numerous tribal and linguistic groupings. These
natural boundaries were replaced through European co-
lonialism. All over Africa artificial “‘national’’ boundaries
were laid down with scant regard for logic as turn-of-the-
century colonisers engaged in a carve-up of the conti-
nent. This has caused much tension in many of the af-
fected countries as various tribes, cultures and language
groups were divided by the new boundaries. Liberation
movements emerged, many of which are still battling to
re-establish more equitable borders. The result has
been the ongoing civil wars in the Horn of Africa, namely
Ethiopia and Somalia, as well as in Mozambique and
Angola.

These conflicts have had a profound effect on the econ-
omies and populations of the countries involved, as well
as on the stability of the region as a whole. The lack of
stability has had a considerable effect on the energy sec-
tor: (i) supply routes have been severely disrupted, (ii)
security of supply has become a priority, (iii) there is a
general lack of foreign exchange for spares and mainte-
nance, (iv) the scope for regional interchange of energy
resources has been limited, and (v) regional co-opera-
tion on energy matters has been hindered. Any long-
term cost-effective energy strategy for the region, based
on the interchange of resources, can be successfully im-
plemented only once stability is achieved in the region
and co-operation between countries becomes the norm.

ENERGY RESOURCES

The region as a whole has large commercial energy re-
sources which could, if exploited and managed effi-
ciently, supply most of its commercial energy needs for a
significant time. However, these energy resources are
not uniformly distributed with respect to locality or form.
In general, the more southern countries have large coal
resources, while the countries nearer the equator have
relatively large hydro resources. Oil and gas reserves
have mainly been identified along the coastline. The lar-
gest uranium reserves in the region have been identified
in South Africa and Namibia, while the largest wood re-
sources are found near the equator.

The main energy resources include oil, natural gas, hy-
dro, coal, peat, geothermal, and wood. It is difficult to
confirm the total extent of energy resources in the region
as much of the area has not been accurately explored.
Tables 2.1a and 2.1b give an indication of the extent of
energy resources in the region. According to this data,
the majority of the proven bituminous coal reserves are
situated in South Africa (86%) and Botswana (12%),
while the majority of the estimated reserves are situated
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in Botswana (44%), Mozambique (12%), and Zimbabwe
(36%). The largest proven reserves of natural gas are in
Tanzania (39%), Sudan (20%), Mozambique (16%), and
Rwanda (9%), while 85% of the estimated gas resources
are situated in Mozambique. Zaire is endowed with 73%
of the region’s hydro-potential. South Africa and Nami-

Table 2.1a: Energy resources of the region®'®?

bia together account for 98% of the region’s uranium
reserves.

A large portion of the known resources have not yet been
exploited due mainly to the lack of suitably large indig-
enous markets, vast distances, location, finance and, in
some cases, quality"”. The energy markets of individual

Country Forests & QOil M Ton Gas (Mil. Metres Cubed) Uranium
Woodlands | Estimate Proven Total Proven Estimate Proven Total Proven
M Ha Recoverable Recoverable (Ton)

Angola 53,60 — 156 156 156 30000 © 9000 39 000 0
Botswana 32,56 0 0 0 0 0 0 0 0
Burundi 0,04 0 0 0 0 0 0 0 0
Comoros 0,02 0 0 0 0 0 0 0 0
Djibouti 0,07 — — — — — — — —
Ethiopia 27,15 0 0 0 0 — 24 000 24 000 0
Kenya 2,36 0 0 0 0 0 0 0 0
Lesotho — 0 0 0 0 0 0 0 0
Malawi 4,27 0 0 0 0 0 0 0 0
Madagascar 13,20 — —. — — — — — 0
Mauritius 0,00 0 0 0 0 0 0 0 0
Mozambique 15,44 0 . 0 0 0 320000 65000 385000 0
Rwanda 0,23 0 0 0 0 — 40 000 40 000 0
Somalia 9,05 0 0 0 0 — 6 000 6 000 6 600
South Africa 0,30 — — — — — 28 000 28 000 426 300
Sudan 47,65 — — — 41 — 85000 85000 0
Swaziland 0,07 0 0 0 0 0 0 0 0
Tanzania 42,04 0 0 0 0 26710 163 420 190 130 0
Uganda 6,02 0 0 0 0 0 0 0 0
Zambia 29,51 0 0 - 0 0 0 0 0 0
Zaire 177,59 0,1 23,6 23,7 22 — 1 1 1800
Zimbabwe 19,82 0 0 0 0 0 0 0 0

TOTAL 480,99 0.1 179,6 179,7 219 376 710 420 421 797 131 434 700

Table 2.1b: Energy resources of the region''®
Country Coal: Bituminous M Ton Coal; Lignite and Sub-Bituminous M Ton Hydro-Potential
Estimate Proven Total Proven Estimate Proven Total Proven GWh/Year Mw
Recoverable Recoverable

Angola 0 0 0 0 0 0 0 0 70 000 16 000
Botswana 33000 17000 50 000 3500 0 0 0 0 0 0
Burundi 0 0 0 0 0 0 0 0 1445 289
Comoros 0 0 0 0 0 0 0 0 50 10
Djibouti — — — — — — — — — —
Ethiopia 0 0 0 0 — 3 3 1 20 000 4000
Kenya 0 0 0 0 0 0 0 0 4800 1075
Lesotho 0 0 0 0 0 0 0 0 2 000 450
Malawi — 15,78 15,78 1,95 0 0 0 0 6300 900
Madagascar 1000 173 1173 173 42,6 11 53,6 — 39000 7800
Mauritius 0 0 0 0 0 0 0 0 325 65
Mozambique 8593 938 9531 240 0 0 0 0 60 000 12 500
Rwanda 0 0 0 0 0 0 0 0 3000 600
Somalia 0 0 0 0 0 0 0 0 250 120
South Africa 2282 (121218 123 500 55 333 0 0 0 0 — 3500
Sudan 0 0 0 0 0 0 0 0 1900 380
Swaziland 1000 549 1549 208 0 0 0 0 3000 600
Tanzania 1500 304 1804 200 0 0 0 0 20000 6000
Uganda 0 0 0 0 0 0 0 0 10 000 2000
Zambia 0 0 0 0 213 69 282 69 21 406 3924
Zaire 720 86,6 806,6 54,3 0 0 0 0 750000 | 100000
Zimbabwe 27008 1535 28 543 734 — 965 965 — 13 285 2515

TOTAL 75103 |141819,38 {216 922,38 | 60 444,25 255,6 1068 13236 80 1026761 | 162728
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countries in the region, with the exception of South Africa,
are small and dispersed. This is due to the low level of
development and industrialisation of the economies of
the region. South Africa, on the other hand, has an ex-
tremely large energy market by regional standards, con-
suming some 74% of all final commercial energy and 41%
of total final energy (including traditional energy). Thus
the economic exploitation of the natural energy re-
sources is reliant on regional markets rather than local
markets and the potential for export.

The possibility of a regional interchange of energy has
been hampered by the lack of transport infrastructures in
the region, rugged or inaccessible terrain, instability (civil
war), lack of finance, distance to suitable markets and,
most significantly, the importance that governments, in-
stitutions and utilities place on the security of energy
supply. As long as the region is plagued by instability,
governments, as well as the associated energy institu-
tions and utilities, will prefer to obtain their energy off-
shore rather than import from within the region. They will
also favour the production of the energy they require
within their own country where possible, rather than im-
port from their neighbours, irrespective of the economics.

At present, with the limited exception of electricity, the
regional interchange of energy derived from local re-
sources is relatively small, while imported energy is ex-
ported by the coastal countries to their land-locked neigh-
bours. This has resulted in a low level of exploitation of
energy resources for local requirements and an outflow
of scarce foreign exchange from the region. A long-term
solution to the provision of a sustainable supply of energy
to the region is thus reliant on regional co-operation.

Due to over-exploitation the energy resource base is in
certain sectors of the region insufficient to meet energy
demand until the end of the century. This is especially
_ true with regard to fuelwood which supplies more than
75% of the region's energy requirements®**, excluding
South Africa. In most countries in the region demand ex-
ceeds sustainable supply and this is already having a
marked effect on the domestic sector as well as on the
many industries reliant on wood or charcoal for energy.

Figure 4.1: Average GDP per capita for
the region (including and excluding
South Africa)

US$ PER CAPITA (1985 US$ *) TOE PER CAPITA

Figure 4.2a: Final consumption of com-
mercial energy per capita

The supply situation is expected to become far worse in
the years ahead as populations grow and the demand for
fuelwood escalates. Estimates based on present trends
forecast that the demand for fuelwood will at least triple
by 2020, This, together with the associated escalation
in the price for fuelwood, will have serious conse-
quences for the well-being of the region’s populations.
Thus the implementation of reforestation programmes is
a priority issue which needs to be addressed urgently.

ECONOMICS AND ENERGY SUPPLY AND DEMAND
Introduction

Economic growth in the region, as measured by real
Gross Domestic Product (GDP), is low by international
standards and usually negative in per capita terms. The
average GDP per capita, expressed in real US doliars,
for the region as a whole has been declining- since the
mid-1970’s. This is shown in Figure 4.1 which covers the
period 1965 to 1985. The importance of South Africa’s
economy, which contributes 54% of the region’s GDP, is
evident. With respect to sustainable development, the
performance of the region is particularly poor, with much
environmental degradation and loss of natural resources,
which is not reflected in GDP figures.

The economy of the region is generally dualistic in
nature, with formal and informal sectors. In some coun-
tries, the informal sector accounts for a considerable
portion of the economy. The formal sector-includes ac-
tivities such as mining, industry and commercial agricul-
ture. The informal sector is characterised by subsistence
activity and the government plays virtually no role what-
soever. The linkage between the two sectors is limited
and, in many cases, results in serious institutional short-
comings.

Economics and energy

With the exception of South Africa, per capita final con-
sumption of commercial energy is low, typically ranging
between 0,01 tons of oil equivalent (toe)** and 0,4 toe

**1 toe = 42 x 10° Joule

Figure 4.2b: Final consumption of com-
mercial energy per capita

TOE PER CAPITA

1,000 0.06
800 0.05
1_ ...............................
600 +
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200
0.02 -
[ e e s e A e e e e e B B B B B B
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1970 1975

= TOTAL REGION * EXCLUDING SOUTH AFRICA ‘

1980 1985 1970 1975 1980 1985

.* GDP per caplta is based on current local GDP converted to
US$ at current exchange rates and then deflated with the US$ deflator for 1085,
ECOTOTY/GDP10
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per capita, reflecting the low level of development in the
region. Conversely, South Africa displays a per capita
consumption closer to that of developed nations. Exclud-
ing South Africa, the SESSAR's average final per capita
consumption of commercial energy is 0,06 toe per capita.
Including South Africa, this figure increases to 0,2 toe.
Figures 4.2a and 4.2b show the trend in the final con-
sumption of commercial energy per capita for selected
countries of the region for the period 1970 to 1988. In
general, per capita consumption of commercial energy is

declining, as would be expected for a region which has
an economic growth rate that is on average lower than
the population growth rate. It is expected that once
growth in real GDP per capita is achieved this trend
could be reversed.

As shown in Figure 4.3, total final energy intensities (in-
cluding traditional energy) vary greatly through the region.
This can be attributed largely to variations in develop-
ment, the use and availability of traditional fuels, the
availability of local commercial energy resources, as well

Figure 4.3: Total final energy intensity (Traditional + Commercial)
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Figure 4.4: Energy per capita vs GDP per capita — 1988
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as the effects of civil war in certain countries. Most coun-
tries display energy intensities higher than major indus-
trialised nations, which can mainly be ascribed to the
large reliance on traditional energy in the form of fuel-
wood and charcoal which have a much lower end-use ef-
ficiency than the commercial energy forms. These high
energy intensities can also be partially described by in-
adequate demand-side management, the low priority of
conservation and efficiency issues, inadequate pricing
structures, price subsidies, as well as the large informal
sector which is not reflected in the measurement of
GDP. In general, there is no clear historic trend in energy
intensities in the region because in some countries in-
tensities are declining, while in others they are increas-

ing.

Figure 4.4 shows the relationship between the weaith of
a country expressed in GDP per capita and the amount
of energy (including traditional energy) used on a final
per capita basis for countries of the region and selected
developed countries. It is apparent that, on a world scale,
the African countries are low on GDP per capita and low
on per capita final energy consumption. However, with
some exceptions, they obey a straight line relationship
and therefore conform with the generally accepted
relationship between wealth and energy. The large and
inefficient use of traditional energy in the region has
contributed to the fact that the regional mean is some-
what higher than that of developed countries. It is there-
fore evident that as the economies of the countries of the
region improve, so will the demand for energy. Thus the
provision of adequate energy supplies, both traditional and
commercial, must be planned for and integrated in such
a way so as not to stifle economic growth?,

Energy supply and demand

The distinctive energy mixes and usage patterns in the
region make it necessary to distinguish between the com-
mercial and traditional components of conventional energy
forms. Commercial energy in the form of oil, coal, electri-
city, etc. is generally used in the formal sector of the
economy and in the urban areas. Traditional fuels, cus-
tomarily in the form of fuelwood and to lesser extent
charcoal, are generally used in the rural and peri-urban
areas, the informal sector, as well as in certain industries
in a number of countries, and constitute the greatest con-
sumption of energy in the region. Alternative energy forms
include solar, wind, and the biomass resource, and al-
though they do not make a significant contribution to the
total energy mix, they are used in rural areas far from the
grid.

Energy consumption in the region is dominated by South
Africa. As previously mentioned, it has been estimated
that South Africa accounts for 41% of all final energy
consumed in the region. The estimate for commercial
energy consumption is much higher at 75% and that for
traditional energy lower at 11%. Table 4.1 shows the final
consumption of energy by South Africa as a percentage
of the region.

Table 4.1: Carriers as per cent of regional carriers®*

COMMERCIAL
1988 | COAL oIL GAS TOTAL

RSA 87,3 61,6 82,2 | 69,3 75,3 10,7

OTHER 12,7 38,4 17,8 | 30,7 24,7 89,3

SESEAR - | +100;0]. 100,01, .- 100,0:|.108,0. - 100;8 |5 w1000

(RRFERERCES: 2,4)

Total final consumption data for the region are presented
in Figure 4.5 in percentage and magnitude terms. The

Figure 4.5: Total final consumption carriers as a per cent of total
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graph has been drawn to include and exclude South Af-
rica, as that country’s extraordinarily large consumption
of commercial energy distorts the regional statistics. The
total final consumption of energy in the SESSAR was
estimated at 119,6 million tons oil equivalent (mtoe) in
1988, of which 55,6 mtoe was in the form of commercial
energy.

The reliance on fuelwood for energy needs is mostly high
but varies from country to country, ranging from 96% in
Tanzania to 15% in South Africa, as shown in Table 2. In
general, the more developed countries rely on traditional
energy for a smaller proportion of their energy requirements.
Excluding South Africa, traditional energy represents on
average 80% of the energy needs for the remainder of
the region. Including South Africa, the regional reliance
on fuelwood decreases to 54% due to the large use of
commercial energy by that country relative to the rest of
the region.

Table 2: Traditional energy as a percentage of total

energy®4®
Country Per cent traditional
Tanzania 96
Uganda 94
Burundi 94
Rwanda 92
Ethiopia 92
Mozambique 89
Malawi 87
Zaire 83
Kenya 78
Sudan 76
Lesotho 75
Angola 60
Botswana 53
Zimbabwe 38
South Africa 14

The household sector is the largest single consumer of
energy in the region. Traditional fuels on average ac-
count for 90% of energy consumed by this sector, ex-
cluding South Africa®. The heavy reliance on traditional
fuels can be attributed to the rural subsistence nature of
a large proportion of the region’s population, for whom
commercial fuels are expensive and not easily accessi-
ble, together with the low level of economic development,
and the extensive and rapidly growing squatter settle-
ments in the peri-urban areas.

The extension of grid systems to rural areas and the in-
troduction of small-scale power generation by new tech-
nologies, such as photovoltaics, could reduce the usage
of non-commercial energy sources, though finance is a
restraining factor. In certain countries dependence on
non-commercial sources of energy is increasing. This is
because existing infrastructures have weakened and
biomass fuels are being used even in urban areas.

The commercial energy mix of countries within the

region varies considerably and is to a large extent de-
pendent on the availability of indigenous energy re-

November 1991

sources. Table 3 shows the importance of the various
energy carriers for selected countries and the region as
a whole. A common trend is the reliance of almost all the
countries on imported oil. This exerts strong pressure on
the economies of many countries and uses up scarce
foreign exchange earnings. In Tanzania, for example, al-
though oil constitutes only 7% of the total energy con-
sumed, it cost the nation over 60% of its total -export
earnings in 1985"2. The role of coal in the energy sector
varies considerably within the region. On one end of the
scale, South Africa relies on coal for some 81% of its pri-
mary energy requirements, while Ethiopia on the other
hand does not consume coal in any significant amount.
In contrast to many developed countries, the region re-
lies on gas for only a minor proportion of its energy
needs.

Table 3: Total final consumption components as a per-
centage of national total commercial energy
(for 1988 unless indicated)®*'®

Country Coal Qi Electricity  Gas
Angola 0,0 6221 8,4 19,4
Ethiopia 00 913 8,7 0,0
Lesotho 36,0 56,0 8,0 0,0
Malawi (1986) 96 68,9 21,5 0,0
Mozambique 8,7 76,2 15,1 0,0
South Africa 38,3 33,7 27,3 0,7
Swaziland (1985) 37,7 45,9 16,4 0,0
Tanzania 0,3 88,5 11,2 0,0
Zimbabwe 51,0 25,9 23,1 0,0
SESSAR

(excl. RSA) 17,0 64,0 18,0 1,0
SESSAR

(incl. RSA) 33,0 41,2 25,0 0,8
France 10,2 56,2 17,2 16,4
Japan 13,4 61,2 20,5 49
UK 10,3 46,2 15,3 28,2
USA 10,1 52,1 15,5 221

Sectoral consumption of commercial energy displays
similar trends throughout the region. The transport and
industrial sectors are responsible for the greatest de-
mand for commercial energy, while the domestic sec-
tor's demand is met mainly by traditional fuels. Overall,
the domestic sector is the single largest consumer of
energy in the region.

Electricity is becoming increasingly important as an
energy carrier in the region as a whole. In the more de-
veloped countries, such as South Africa, Zambia, and
Zimbabwe, electricity is relatively more important. How-
ever, lack of finance, the squatter nature of the peri-
urban housing, the low affordability levels of consumers,
low load factors, large distances and large rural popula-
tions are hampering electrification projects. At present
only a'small percentage of the population has access to
electricity, as shown in Table 4. It has been estimated
that less than 10% of the total population of the SESSAR
has access to electricity"?.



Table 4"

Country Percentage of Year
population with
access to electricity
Botswana 3,6 1983
Ethiopia 4,2 1885
Kenya 5,1 1987
Lesotho 1,5 1982
Malawi 2,4 1987
Mozambique 2,7 1985
Rwanda 0,5 1982
Swagziland 9,4 1986
South Africa 33,0 1990
Tanzania 13,3 1985
Zaire 2,1 1982
Zambia 8,0 1982
Zimbabwe 16,2 1987

Any further economic/industrial development in the
region, together with further rural and urban electrifica-
tion, will result in an increase in the relative importance
of electricity. However, traditional energy will remain an
important source of energy for the foreseeable future
and will parallel population growth.

Institutional aspects

Existing energy institutions are heavily influenced by
politics. As a result, they tend to have insufficient auton-
omy and are often directly controlled by central govern-
ment. There is often a lack of accountability and littie
market orientation. Price controls, subsidies and taxes
are common and result in distortions in production and
distribution patterns. Various energy functions are fre-
quently split across several different government depart-
ments and co-ordination between these can be poor.
This is especially the case as far as co-ordination between
the commercial and traditional energy sectors is con-
cerned™, as well as in the case of energy project finan-
cing with foreign capital. The institutional structures, in
many cases, lack adequate organisation, which makes
the collection of reliable data on the status of resources
and the consumption of energy by locality and sector very
difficult™. These factors have precluded the possibility
of integrated planning at a national level to check the
continual deforestation and to guarantee the sustain-
ability of energy supply.

The fact that decisions on energy issues are politically
driven rather than market-orientated is probably the most
significant institutional shortcoming throughout the
region, and one that should be addressed as a first prior-

ity.

ENVIRONMENTAL ASPECTS

Environment-related priorities in this region differ greatly
from those in developed countries, for three reasons:

(1) Governments are generally far more concerned with
economic growth than environmental protection.

(2) The levels of greenhouse gas emissions are rela-
tively low by international standards (with the excep-
tion of isolated areas in South Africa).

(3) The level of affluence is so much lower in the region
that most people are concerned with primary subsis-
tence issues.
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Some of these primary subsistence issues are environ-
mental in nature, such as water depletion and land
degradation. Table’6.1 shows the net additions to the
greenhouse heating effect by carbon dioxide emissions
attributed to the use of fossil fuels and the loss of “car-
bon dioxide sink” due to land use change (deforesta-
tion).

Table 6.1: Net attributed additions to the greenhouse
heating effect by carbon dioxide in 1987

LOCATION |COUNTRY |[NET ADDITIONS ATTRIBUTED ET ADDITIONS ATTRIBUTED
TO FOSSIL FUELS TO LAND USE CHANGE
000’s TON [AS % OF [AS % OF |000’s TON |AS % OF ([AS % OF
CARBON SESSAR |WORLD CARBON SESSAR (WORLD
SESSAR RSA 33250 86.0 1.36 - - -
ZIMBABWE 1800 4.7 0.07 1800 3.0 0.15
ZAMBIA 297 0.8 0.01 1800 3.0 0.15
MALAWI 54 0.1 0.00 6800 11.2 0.57
OTHER 3274 8.5 0.13 50400 82.9 4~.20
IREMAINDER |USA 525710 21.56 2600 0.22
OF UK 68210 2.80 - -
[WORLD JAPAN 105850 4.34 - -
BRAZIL 21470 0.88 540000 45.00
OTHER 1678885 68.84 596600 49.72
493
6

The region’s usage of fossil fuels for energy contributes
only 1,58% of the world’s net addition by carbon dioxide
emissions to the greenhouse effect. However, South Af-
rica is responsible for 86% of the region’s total. Thus the
remainder of the region’s contribution to the green-
house effect through the use of fossil fuels is presently
minimal. The region’s net contribution to the green-
house effect attributed to the loss of the “carbon dioxide
sink” as a result of land use change (deforestation) is al-
most double that attributed to the use of fossil fuels. De-
forestation in the region is mainly attributed to the use of
wood for energy as well as the clearing of forests for
agricultural land. Thus it has been argued that in this re-
gion it is more appropriate to spend money on reforesta-
tion than on high technology emission control equip-
ment.

It follows that the main environmental concerns in the re-
gion are with resource extraction rather than emissions.
Deforestation, the loss of arable land, and water deple-
tion are all serious problems and result in poverty, hun-
ger and general economic decline. This in turn places
additional pressure on the remaining resources.

Traditional concerns of developed countries, such as at-
mospheric pollution and related consequences, namely
global warming and acid rain, are of relatively little con-
cern to the majority of the population as there are more
pressing environmental issues in the region which de-
serve greater attention. This does not mean that the tra-
ditional concerns of the developed countries are of little
significance. Air pollution, for example, is quite a serious
problem in parts of South Africa. However, the demands
on scarce capital and especially the foreign exchange
required for pollution abatement technology, discourage
any serious attempts to address this issue at present.

CONCLUSIONS

The large population growth, the related lack of eco-
nomic growth, relatively low urbanisation levels, a high
illiteracy rate, and instability in the region are reflected in
the energy usage patterns. The use of traditional fuels is
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high, and household consumption takes a large share of
total energy use. Cooking with fuelwood generally domi-
nates the energy flows and consumption almost parallels
population growth®. This has resulted in deforestation,
desertification and siltation in many areas where a sus-
tainable supply cannot be achieved.

The rapid urbanisation, resulting mainly from lack of
farming land due to rapid population growth, as well as
the “‘bright lights” syndrome, in the region could poten-
tially shift energy consumption patterns increasingly to-
wards commercial energy. However, the squatter-type
nature of much of peri-urban housing and a lack of fund-
ing is making electrification difficult as these settlements
still rely to a large extent on wood and charcoal for their
energy needs.

It follows that reforestation programmes need to be im-
plemented as a priority issue in order to (1) obtain a sus-
tainable supply of fuelwood, (2) prevent further defores-
tation and associated social and environmental impacts,
and (3) ensure security of supply to the domestic sector
which is the largest single user of energy in the region.

Thus population growth and the associated lack of per
capita economic growth are major problems-in the re-
gion. A large proportion of the region’s difficulties in the
energy and socio-economic sectors can be attributed to
rapid population growth. As long as population growth is
accompanied by economic stagnation and unrest, the
expansion of the low-income class will persist and an al-
most constant increase in demand for fuelwood will pre-
vail, being directly related to population growth. A signifi-
cant reduction in population growth and/or rapid economic
growth, causing an increase in real income per capita,
would result in fuelwood demand at first increasing and
then declining due to inter-fuel substitution®.

The region as a whole has large commercial energy re-
sources, many of which have not yet been exploited. The
promotion of the exploitation of energy resources in the
region is reliant on regional co-operation and energy in-
terchange. A change from confrontational to co-opera-
tional politics could enable the regional interchange of
energy and the utilisation of local energy resources to
be used for the benefit of the whole region. This would
(1) enable more efficient use being made of the region’s
resources, (2) reduce the outflow of scarce foreign
exchange from the region as a result of the associated
decrease in the dependence on imported commercial
energy, and (3) improve the security of energy supply to
the region as a whole. This can become a reality only
once political stability is achieved in the region.

The energy community transcends political and ideologi-
cal barriers, and through its regional initiatives it can play
a leading role in paving the way for regional co-operation
between governments. However, without institutional
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reform and the establishment of integrated sectorial
policy and planning, at national as well as regional level,
encompassing both the commercial as well as traditional
energy sources, deforestation will continue unabated
and a solution to the provision of sustainable energy will
be impossible.
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DEVELOPMENT OF A PROBE FOR TRANSIENT
HEAT TRANSFER MEASUREMENT

*A B TAYLOR

Transient heat transfer rate at a surface can be calculated from measured transient surface temperature by solving the Fourier heat
transfer equation with the aid of Fourier analysis. As part of an investigation into combustion stress in diesel engines, a heat flux
probe was developed- which measured transient surface temperature and the temperature gradient at the face of the probe. A
unique method of processing and capturing the probe signals was used in order to achieve an accurate and representative record
of the average surface temperature throughout the cycle in a diesel engine. Accurate calibration of the probe was achieved with
the aid of measured combustion chamber pressure, heat release analysis and the gas laws. A level of accuracy and repeatability
was achieved which enabled the effect of small changes in engine timing or fuel formulation on heat rejection to be quantified.
While the probe is discussed in the context of diesel engine research, it may have numerous applications in other fields of research

and industry.

KEYWORDS: surface thermocouple; heat transfer; heat release

INTRODUCTION

Heat transfer from the hot combustion chamber gases to
the cooling system of an internal combustion engine ac-
counts for approximately one-third of the energy that is
released by fuel combustion. Changes in fuel formula-
tion and engine design or adjustment can have a signifi-
cant effect on the nature and amount of heat rejection to
the coolant. It is for this reason that, if detailed fuel or
engine testing is to be carried out, the ability to measure
heat transfer in the combustion chamber is beneficial.

As part of an investigation into combustion stress in
diesel engines, which was carried out at the Department
of Agricuttural Engineering at the University of Natal in
Pietermaritzburg, a transient heat flux probe was
developed™. The design, construction, application and
numerical methods related to the use of the probe will be
discussed. Although the probe was developed specif-
ically to assist in the investigation of combustion-related
stresses in diesel engines, it can be applied in numerous
applications in all types of engines and other machines,
and has already contributed to the development of a new
heat transfer model®.

DESIGN AND CONSTRUCTION

The rate of heat transfer across a surface can be deter-
mined from the measured temperature gradient at the
surface or from the measured surface temperature, re-
corded as a function of time. It was decided that any
device designed to determine surface heat transfer rate
should measure both the surface temperature and the
temperature gradient at the surface. A probe was con-
structed to have the same external dimensions as a
Kistler 6121 pressure transducer, thus allowing the
probe to be inserted into the pressure transducer hous-
ing of the test engine in such a manner as to place the
face of the probe flush with the cylinder head surface.
The probe construction is illustrated in Figure 1. A fast-

*Fuel Research, Sasol Qil Research and Development, P O Box 1,
Sasolburg 9570, South Africa
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response surface thermocouple was built on the face of
the probe, while a second junction was fitted 2,3 mm
from the face.

CYLINDER
HEAD

THIN SURFACE
THERMOCOURLE FOR MEASURING
SURFACE TEMPERATURE

COATING

THERMOCOUPLE SET 2,3 mm BACK
EROM CYLINDER HEAD FACE

Figure 1: A schematic cross-section of the surface tem-
perature and heat flux probe

To ensure that the rate of heat transfer through the probe
was similar to that through the surrounding cylinder
head, the probe was machined out of cast iron. Before
designing the surface thermocouple, a study of probes
used by other researchers was conducted. It was con-
cluded that with the available facilities the design used
by Hohenberg® would be the most expedient to manu-
facture. The design was also well suited to the relatively
limited diameter of the probe. The construction involved
drilling through the length of the probe and bonding a
commercial type K thermocouple in the hole with the end
protruding beyond the face of the probe.

The commercial thermocouple unit was made of a
1,5 mm stainless steel tube with two 0,25 mm conduc-
tors within. The conductors were insulated by ceramic
magnesium oxide powder within the tube. The thermo-
couple was machined away at the face of the probe, and
the ceramic powder was removed to a depth of approxi-
mately 1 mm. The powder was replaced by a ceramic
cement which was capable of resisting cylinder pressure
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forces at the high temperatures which exist in the
engine. The ceramic cement used for both the face of
the probe and to bond the thermocouple into the probe
was Kyowa HC-25A high temperature strain gauge
cement.

After the thermocouple had been machined away, a sit-
uation existed where the chromel and alumel wires had
been brought through to what would be the surface of
the combustion chamber. These wires, which normally
formed the thermocouple junction, were insulated, sup-
ported and sealed by the ceramic cement. The face of
the probe was then coated with a thin vapour-deposited
gold layer. This process was carried out in a vacuum
chamber at extremely low pressure.

The gold coating formed two thermocouple junctions by
contacting the chromel and the alumel simultaneously.
The two junctions being chromel-gold and gold-alumel.
As long as the temperature of the two junctions was
identical, the presence of the gold would not have played
any role in the voltage between chromel and alumel. The
junction would thus respond as a chromel-alumel junc-
tion. The thickness of the gold was estimated to be less
than 5 m. The result was that the junctions were within
5 um of the surface and had negligible thermal capaci-
tance. The output voltage, measured between the chro-
mel and alumel conductors, would thus have responded
rapidly to changes in surface temperature.

The gold film played a second important role in that it
served to ground both the chromel and alumel conduc-
tors. The effect of signal noise in the conductors, which
were unscreened over a length of approximately 20 m,
was thus reduced. This was in fact so effective that fail-
ure of the contact between the gold film and the probe
resulted in the signal being obscured by noise. A second
commercial thermocouple junction was placed within the
probe at a point 2,3 mm from the face of the probe. Tem-
perature gradient was calculated from the difference be-
tween the temperatures of the two junctions.

The calculation of the heat transfer rate from both the
transient surface temperature and the temperature gra-
dient relies on the assumption of single dimensional
heat flux in a direction perpendicular to the surface. In
order to encourage single dimensional heat flux, an
effort was made to thermally insulate the probe in the
transverse direction. This was done by creating an air
gap between the probe and the surrounding cylinder
head. From within 1 mm of the probe face to a point well
beyond the second junction, the diameter of the probe
was slightly reduced. The clearance between the probe
and the cylinder head at the face of the probe was mini-
mal. This created a seal reducing the flow of combustion
gases into the air gap between the probe and the cylin-
der head. The insulation properties of an air gap are
eleven times better than that of a ceramic layer of
equivalent thickness®. It was thus reasonable to assume
that heat flux within the probe approached being single
dimensional.

SIGNAL PROCESSING

Temperature-compensated thermocouple cables were
used to carry the voltages from the two probe junctions
over a distance of approximately 20 m to the instrumen-
tation. The signal from the junction imbedded within the
surface did not fluctuate within the engine cycle and was
processed and recorded by a type K thermocouple panel
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meter. The surface temperature signal, on the other
hand, did fluctuate significantly within the engine cycle.
Heat transfer calculation from surface temperature is
highly dependent on the rate of change of surface tem-
perature with time. It was thus necessary to record sur-
face temperature with the highest possible accuracy and
resolution, which was achieved by using two different in-
struments. The steady component of the signal or the
average of the surface temperature signal was processed
and recorded by a type K thermocouple panel meter.
This device also compensated for cold junction voltage.

A Tektronix model 5A22N differential amplifier capable
of eliminating a large voltage offset while operating at an
exceptionally high gain was used to remove the signal
offset and amplify the cyclic range of the surface temper-
ature signal. This unit formed part of a Tektronix model
5223 digitising oscilloscope system, and the processed
signal was available as an analog output from the oscil-
loscope. The signal was then passed through a second
stage of amplification before being recorded. The pro-
cessed offset and range components of the surface tem-
perature signal were then fed, along with all other signals
from the engine, into a microprocessor-based high-
speed data capture system which had been developed
during the project®.

The unsteady component of surface temperature was
recorded at each 2° of crank shaft rotation over the full
engine cycle for 91 successive cycles. The reason for
recording multiple cycles was to allow a representative
average cycle to be calculated. The process of recording
and averaging 91 successive cycles had an additional
benefit in that the amplitude of any random noise was
reduced by a factor of 91. The 91 successive cycles re-
corded far exceeded the number recorded by other re-
searchers who conducted similar tests with success®>?.
The actual surface temperature throughout the engine
cycle was then reconstructed from the average of the
unsteady component and the time-averaged surface
temperature. The temperature-dependent temperature-
to-voltage gain or Seebeck coefficient was also ac-
counted for at this stage. Figure 2 illustrates a typical
measured surface temperature profile in which the range
between maximum and minimum temperature was ap-
proximately 50 °C. The data represent the temperature
between bottom dead centre (BDC) at the beginning of
the compression stroke through top dead centre (TDC)
to BDC at the end of the expansion stroke.

TEMPERATURE (deg CD

280 . . I I . . .
80C TOC
CRANK ANGLE

8DC

Figure 2: An example of surface temperature measured
with the engine operating at 2 000 r/min and
170 Nm
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HEAT TRANSFER CALCULATION

The calculation of the heat transfer rate from a measured
time history of surface temperature requires an accurate
knowledge of the thermal properties of the materials
within the probe. Even if the material properties are
known, construction variables such as the thermal con-
tact resistance between components can result in uncer-
tainty of the probe properties®”. The fact that the probe
supplied two signals which could be used to calculate the
heat transfer rate was used to overcome the problem. The
probe was calibrated by correlating the results calculated
from these signals with each other and other variables
which were measured. The emphasis was again focused
on achieving absolute consistency and sensitivity.

The transient surface temperature recorded by the sur-
face thermocouple was used to calculate the transient
surface heat transfer rate at the probe. The average heat
transfer rate was indicated by the dlfference between the
temperatures of the two junctions in the heat flux probe.
The integral of the transient heat transfer rate was also
used to determine the average rate of heat transfer.

If the assumption is made that the heat transfer in the
combustion chamber wall is single dimensional, then the
relationship between temperature T, time t and distance
from the surface x, is described by the Fourier equation:

ST OT

— = . — 1

5t Y ox ()
The constant « represents the thermal diffusivity of the
wall material. By solving the equation, it is possible to
derive an expression describing temperature as a func-
tion of time and distance from the wall.

The measured combustion chamber wall temperature
was represented by values recorded at discrete time inter-
vals. Information in this form is not easily applied in mathe-
matical equations. A means of expressing these recorded
data as a function of time was required. This was achieved
by performing a Fourier analysis on the recorded surface
temperature data. Surface temperature was then ex-
pressed as a Fourier sine expansion of the form:

o0
=T, + Z [A,.cos(ipt) + B,.sin(ipt)] (2)
i=1
Where T, ., is the transient wall temperature at the
surface,
T.. is the average surface temperature,
¢ is the angular frequency of the engine cycle
and A and B are the Fourier coefficients.

Tw(x =0)

By solving the Fourier equation and expressing the re-
sult in the form of a Fourier sine expansion, it is possible
to derive an equation for temperature as a function of
time, location and the Fourier coefficients. This equation
can then be differentiated with respect to x for the condi-
tions at the surface to yield an equation for the tempera-
ture gradient at the material surface®. The rate of heat
transfer across the material surface is equal to the
product of the temperature gradient and the-thermal con-
ductivity of the material. The following equation for the
rate of heat transfer at the surface can then be derived:

ko 3 [""]1/2 B, — A)sin(i¢) +
i=1[2«] (@B +A)osipt)]  (3)

where q,, is the average rate of heat transfer and K, is the
thermal conductivity of the cylinder wall material.

Qe-0 =
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By substituting the Fourier coefficients determined from
the Fourier analysis of each set of recorded data into this

" equation, it was possible to calculate the transient sur-

face heat transfer rate. When performing the Fourier
analysis of recorded data, a number of alternatives
arose. Firstly, the time required to perform the analysis
was highly dependent on the order of the analysis
selected. While increasing the order tended to improve
the accuracy, it also took longer to reach completion.
Secondly, a higher resolution of the recorded data was
also responsible for extending the time taken to com-
plete the analysis. It was thus necessary to determine
what resolution and order were required to achieve an ex-

‘pression which represented the recorded data adequately.

Due to the fact that the rate of heat transfer is highly
dependent on the rate of temperature change, any noise
in the recorded surface temperature was magnified in
the calculated heat transfer rate. The fact that the surface
temperature was recorded at high gain and that the con-
ductors were unscreened over“a considerable length,
resulted in high frequency noise in the recorded signals.
While much of the noise was eliminated by the averaging
process, it became evident that data smoothing was
required. A study was carried out into the simultaneous
effects of smoothing, changing the data resolution and
changing the order of the Fourier analysis.

An attempt was made to reach a situation where smooth
results could be achieved rapidly without compromising
accuracy. It was found that by reducing the resolution to
two crankshaft degrees, the time required to conduct the
analysis was greatly reduced. In order to avoid discard-
ing valuable recorded data and to achieve smoothing, a
method was required which would take all data into
account. This was achieved by performing a weighted
five-point moving average on the half degree data at
each two-degree interval. A Fourier analysis was then
conducted on the smoothed two-degree data. This
resulted in a situation where the speed of analysis was
greatly increased, where data were smoothed, and
where all recorded data had contributed to the data
which were analysed.

A 200th order Fourier analysis was conducted with
unsmoothed data at half-degree resolution and then
repeated with an order of 100 on the smoothed two-
degree data. It was found that the peak rates of heat
transfer differed by 0,4%, while the integral of the heat
transfer curves differed by 0,7%. The smoothed data
yielded a far smoother curve, while the analysis was
eight times as fast. It was concluded that the impact of
the smoothing and reduction of resolution on the calcu-
lated rate of heat transfer was negligible. It was also
found that increasing the order of the analysis beyond
120 made no significant improvement to the results.
120th order Fourier analyses on smoothed two-degree
data were thus used for the calculation of heat transfer
rate.

PROBE CALIBRATION

It is evident from Equation 2 that the temperature distri-
bution in the combustion chamber wall is determined to
a large extent by the material properties. Morel, Keribar
and Blumberg® indicated that, given a particular rate of
heat transfer, the magnitude of the temperature swing
during the engine cycle depended on material proper-
ties. Increased heat capacity and thermal conductivity
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both reduced the temperature swing of the combustion
chamber surface. The heat flux probes which were used
for the project were made up of seven different materi-
‘als, namely

(i) chromel,

(i) alumel,
(ii) gold,
(iv) castiron,

(v) stainless steel,
(vi) ceramic cement, and
(vii) magnesium oxide.

All these materials played a role in the nature of the heat
transfer through the probe. The role played by the differ-
ent materials was thus investigated in order to gain an
understanding of what was actually being recorded. The
cast iron, stainless steel, ceramic cement and magne-
sium oxide were not considered to have had a significant
effect on the probe output. The relative locations of
these materials was thought to encourage single dimen-
sional heat flux in the probe. The mass of gold present in
the probe was such that it would not have made a signifi-
cant contribution. The important materials in the probe
were chromel and alumel. The heat capacity of any par-
ticular alloy type tends to vary by a small amount with a
changing alloy proportion. Thermal conductivity on the
other hand varies considerably with alloy proportion.

Chromel and alumel, both being nickel-based alloys, can
be expected to have similar heat capacities. This cannot,
however, be said for their thermal conductivities. The
temperature swing of the chromel and alumel surfaces
could thus differ. It was also clear that the temperatures
of the chromel and alumel surfaces would not necessar-
ily be the same at any point in the engine cycle. The out-
put voltage of the probe is the sum of the voltages of the
two junctions, namely the chromel-gold junction and the
gold-alumel junction. The fact that the temperatures and
Seebeck coefficients of the two junctions could differ im-
plied that the surface thermocouple would no longer be-
have as a type K thermocouple. The output voltage of
the probe would thus represent a weighted average of
the temperatures at the two junctions.

The Seebeck coefficients of the two junctions would de-
termine the weighting of the two junction temperatures
in the resulting average. These junction gains can be as-
sumed to be constant over the relatively small range of
temperature swing. The result is that the rate of heat
transfer calculated from the average temperature is a
weighted average of the heat transfer actually occurring
in the two materials. In the application of Equation 3 for
the calculation of surface heat transfer, it was difficult to
determine what value to use for thermal conductivity. It
was understood that the correct value would be a
weighted average of the conductivities of the two materi-
als. The correct weighting would be some function of the
two junction gains.

It was concluded that, although the recorded voltage did
not represent an actual temperature exactly, it did rep-
resent an average of the surface temperatures. The as-
sumption was made that the average temperature-to-
voltage gain did not differ significantly from that of a type
K thermocouple because junction gains are almost
linear over a small range. There was also no doubt that
increases in temperatures would yield increases of the
same order in the output voltage. The shape of the sur-
face temperature curve is, however, of greatest import-

November 1991

ance in the calculation of heat transfer and was correctly
represented by the recorded data. The form of the calcu-
lated rate of heat transfer would thus represent the actual
situation, although the range would not necessarily be
correct.

The results of Taylor® and Timoney"” indicated that if the
rate of heat transfer was correctly calculated, then all the
injected fuel would be accounted for by heat release
analysis. It was thus decided that this fact should be
used to determine the unknown average thermal con-
ductivity. The range of the calculated heat transfer curve
was scaled in such a manner that the calculated fuel con-
sumption equalled the measured fuel consumption. The
calculated rate of heat transfer was scaled by entering
a hypothetical material conductivity. This was done at
eight different engine speed and load conditions for
tests on two different fuels. An average value was then
calculated. The average value represented the average
thermal conductivity of the relevant probe materials. The
value was found to be within 7% of 61 W/m.K on a 95%
level of confidence. This value was then used consist-
ently throughout the project. Error in the value subse-
quently had no effect on the relative comparisons of dif-
ferent tests.

In the application of Equation 3, knowledge of the aver-
age rate of heat transfer is required. The rate of heat
transfer is equal to the product of temperature gradient
and thermal conductivity. The average temperature gra-
dient was initially calculated from the temperatures re-
corded by the two thermocouples in the probe. The tem-
perature gradient was assumed to be equal to the
difference between these two values divided by the dis-
tance between the second probe and the surface. As
was the case with the surface thermocouple, the correct
thermal conductivity of the material between the surface
and the second thermocouple was unknown. This was
because there were two materials of unknown thickness,
as well as contact resistances between the surface and
the second thermocouple.

An additional limitation was that the resolution of the
measurement of temperature difference was only 2 °C.
This resulted from the fact that the average surface tem-
perature and the temperature at the second thermo-
couple were recorded with a resolution of 1 °C. This and
the small range of the temperature difference of less
than 70 °C could lead to errors in the calculated heat
transfer rate of more than 2,9% of full range.

A better method for the calculation of the average rate of
heat transfer was thus required. By calculating the poly-
trophic constant of compression from pressure data
throughout the compression curve, it is possible to
determine where in the cycle adiabatic compression
occurs. Adiabatic compression implies that there is zero
nett heat transfer to the air in the combustion chamber.
Initially it was assumed that the surface heat transfer
curve should be zero at the point where adiabatic com-
pression occurred. This allowed the surface heat transfer
curve to be offset by the correct amount and obviated
the need to determine the average heat transfer rate
prior to calculation. An example of the calculated rate of
heat transfer over an entire engine cycle is illustrated in
Figure 3. The average rate of heat transfer could then be
calculated by integrating the surface heat transfer rate
throughout a cycle.
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Figure 3: An example of the surface heat transfer rate
calculated from the measured surface tem-
perature for an entire engine cycle

It was thus possible to compare the temperature differ-
ence between the surface and the second thermocouple
with the calculated average heat transfer rate. The aver-
age heat transfer rate was known to be directly propor-
tional to the temperature gradient. The average heat
transfer rate was plotted against the measured tempera-
ture difference for a large number of load conditions
taken from different tests. This showed that at a particular
speed the relationship between the two variables was
linear, but the regression lines did not pass through the
zero intercept of the graph. This implied that a tempera-
ture gradient of zero would not occur when the rate of
heat transfer was zerg, which was known to be incorrect.
Readings taken at two different speeds formed separate
lines with different offsets. The conclusion was drawn
that the criteria used to determine the offset of the heat
transfer curve was slightly incorrect. This implied that
zero heat transfer at the surface does not correspond
with the point of adiabatic compression of the bulk gas in
the combustion chamber.

This observation was supported by the findings of Law-
ton® who indicated that the zero heat transfer rate at the
wall surface occurred far earlier in the cycle than the
point of adiabatic compression. The explanation for this
is that during the intake and early compression strokes,
the boundary layer is heated by the combustion chamber
walls. The temperature of the boundary layer is thus con-
siderably higher than the bulk gas temperature. Com-
pression results in an increase in air temperature at a rate
determined by the gas laws. The temperature of the bound-
ary layer which is higher at the outset remains higher than
the increasing bulk gas temperature. The heat transfer at
the combustion chamber surface is determined by the
temperature difference between the wall and the bound-
ary layer.

The temperature of the boundary layer will reach the wall
temperature earlier in the cycle than the bulk gas. At the
point where the boundary layer temperature equals the
wall temperature, there can be no heat transfer between
the wall and boundary layer. At this point the boundary
layer is hotter than the bulk gas and thus heats the gas in the
combustion chamber. Heat would thus be removed from
the boundary layer, retarding its temperature increase
due to compression. Beyond this stage the boundary
layer also loses heat to the combustion chamber walls.
The bulk gas temperature continues to increase at a rate
slightly higher than that due to compression, yielding a
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polytrophic constant greater than that for adiabatic com-
pression. The bulk gas temperature will-thus soon equal
that of the boundary layer, which results in adiabatic
compression of the bulk gas. The bulk gas will conse-
quently experience adiabatic compression later in the
cycle than the point where zero surface heat transfer
occurs.

Lawton® did not, however, have any means of determin-
ing where in the cycle zero heat transfer occurred. The
results of Lawton® indicate that this occurred at bottom
dead centre, which is not credible because compression
has not yet commenced at this point. Rao and Bardon®"
stated that, due to high turbuience in the engine, the
boundary layer is very thin and would have negligible
thermal capacitance. This statement contradicts the ob-
servations of Lawton®. It was concluded that, although
the phenomenon described by Lawton® did in fact take
place, the effects were possibly not as significant as he
had made them out to be.

In an attempt to determine the true point at which zero
heat transfer took place, the heat transfer calculation was
repeated for numerous sets of independent data while
the assumed zerc point was varied. Linear regressions
of average heat transfer rate on temperature difference
were conducted for each assumed zero point. Changing
the zero point resulted in the regression lines being
shifted vertically. By a process of interpolation and itera-
tion, three different zero points were achieved for the
three different engine speeds used for testing. These
zero points resulted in all the calculated rates of heat
transfer falling on the same line, which passed through
the zero intercept of the graph. The consistency with
which heat transfer was determined is illustrated by
Figure 4.

A linear regression showed that 99,1% of the variation in
the calculated average rate of heat transfer was ac-
counted for by the measured temperature difference.
The offset from zero of the regression line at the point
where the temperature difference was zero was found
to be 0,22% of full scale, which was proved to be insig-
nificant. Error in the determination of the temperature
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Figure 4: Calculated average rate of heat transfer
plotted against the measured temperature
gradient

difference made a greater contribution to variation in the
regression than errors in the calculated average rate of
heat transfer. There was, however, no means by which
the actual confidence interval of the heat transfer meas-
urement and calculation could be determined.
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A statistical analysis of the data displayed in Figure 4 was
conducted and showed that all recorded data fell within
the 90% confidence interval for predictions of the re-
gression. The 90% confidence interval-was equivalent to
less than 8% of the full range. The confidence interval of
the measured temperature difference was at least 6% of
the full range, due to poor resolution and measurement
error. This indicated that the 90% confidence interval of
the calculated rate of heat transfer may have been as small
as 2% of the full range. Differences in the average rate of
heat transfer were measured with different fuels at the
same engine condition. These differences amounted to as
much as 10% of the full scale. On the basis of the deduced
confidence interval, there can be no doubt that the mea-
sured differences between fuels were significant.

The calculated zero heat transfer points were as follows:

1 000 r/min @ 113,0° crank angle before top dead centre.
1 700 r/min @ 103,0° crank angle before top dead centre.
2 000 r/min @ 91,5° crank angle before top dead centre.

The fact that the point advanced with decreasing speed
was credible in that heat transfer, which was the cause of
the effect, is highly dependent on time. Reduced time
due to increased speed should thus reduce the role
played by the effect and cause the zero point to ap-
proach the point of adiabatic compression. The point of
adiabatic compression was found to be in the region of
55° crank angle before top dead centre. The analysis
illustrated the sensitivity with which the instantaneous
heat transfer rate was calculated. The good correlation
between calculated heat transfer rate and measured
temperature difference illustrated the consistency with
which the heat transfer rate was calculated. The high
linear correlation coefficient indicated that the assump-
tions made in the calculation of heat transfer rate had
been valid.

The gradient of the regression line correlating the aver-
age heat transfer rate with the temperature gradient was
an indication of the thermal conductivity of the materials
in the probe, between the surface and the second junc-
tion. The gradient was theoretically directly proportional
to the value calculated for the average thermal conducti-
vity of the materials in the surface thermocouple. The
method of calculation of the average thermal conductiv-
ity could thus be verified by investigating the gradient of
the regression line. The thermal resistance per unit area
of the materials between the surface and the second
thermocouple could be calculated from the gradient of
the regression. The thermal resistance could also be cal-
culated from the probe geometry, thus allowing a com-
parison to be carried out.

The thermal resistance was calculated by multiplying the
distance between the surface and the second thermo-
couple with the inverse of the gradient of the regression
line. The thermal resistance was the result of the contri-
bution of the following separate resistances:

(i) the resistance of the cast iron probe material,
(i) the contact resistance between the cast iron
and the ceramic cement,
(iii) the thermal resistance of the ceramic cement,
and
(iv) the contact resistance between the ceramic
cement and the second thermocouple.

The distance between the second thermocouple and the
surface was 2,3 mm. It was assumed that this was made
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up by 0,3 mm of ceramic cement and 2 mm of cast iron.
The thermal conductivities of the ceramic cement and
the cast iron were 2,3 W/m.K and 58 W/m.K respec-
tively. From this information it was possible to calculate
the contact resistances between the cement and the
metals. The fact that the ceramic cement was bonded to
both the cast iron and the thermocouple would result in
low contact resistances. The calculated contact resist-
ance of 6,7E-06 m?* K/W confirmed this observation. A
second approach was to assume that the contact resist-
ance was negligible and then calculate the thicknesses
of the cast iron and ceramic cement. The calculation in-
dicated that the thicknesses of the cast iron and ceramic
cement were 1,968 mm and 0,332 mm respectively. The
fact that both these calculations yielded credible results
indicated that the use of the heat release analysis was
valid.

RESULTS

The measurement and calculation of heat transfer rate in
the engine was a complex process. It was therefore nec-
essary to validate all the data recorded by the heat flux
probe and verify the associated experimental tech-
niques. This was done by plotting the calculated average
rate of heat transfer against the measured temperature
difference in the probe for every reading used. This is
displayed in Figure 4. The regression of heat transfer
rate on temperature difference yielded a R? value of
99,1%. This indicated that 99,1% of the variation in the
calculated heat transfer rate was explained by the meas-
ured temperature difference. A study of the residuals of
the regression showed that the maximum residual was
5% of full scale. Much of this error could be ascribed to
the low resolution with which the temperature gradient
was recorded. The average residual was found to be
less than 2% of full scale. It was concluded that the en-
tire measurement and calculation procedure for the de-
termination of heat transfer at the probe was consistent
to within 2%.

The probe was used in an extensive investigation into
the relationship between combustion parameters and
heat rejection from the combustion chamber of a direct
injection diesel engine™. In the investigation surface
temperature measurements and heat transfer calcula-
tions were made at 84 different test conditions. The varia-
tions in test conditions included changes in parameters
such as fuel formulation, engine speed, engine load and
injection timing. The large sample size of 84 observations
of each variable allowed the execution of multivariate re-
gressions with a high degree of confidence.

The average surface temperature ranged from 140 °C to
353 °C. It was found that 99,33% of the variation in meas-
ured surface temperature could be accounted for by a
multivariate regression using engine and fuel para-
meters which were measured independently of the heat
flux probe. The maximum rate of heat transfer calculated
from the measured surface temperature ranged be-
tween 773 kW/m? and 6256 kW/m? The results showed
that 96,8% of the variation in the maximum heat transfer
rate was accounted for by variations in measured engine
data. The average rate of heat transfer calculated from the
measured surface temperature ranged from 71 kW/m? to
386 kW/m?. It was further shown that 98,25% of the va-
riation in the calculated average heat transfer rate was ac-
counted for by measured variations in engine parameters.
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These results illustrated that the probe was capable of
detecting changes in the cylinder wall temperature and
heat transfer rate across a wide range of conditions. The
fact that the vast majority of the variations in the meas-
ured temperature and calculated heat transfer rate could
be accounted for by variations in independently mea-
sured parameters proved that the repeatability of the
heat flux measurement probe was high. Figure 5 illus-
trates the manner in which the measured surface tem-
perature varied as a function of engine load and crank-
shaft position.
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Figure 5: Measured cyclic surface témperature re-
corded at 2 000 r/min and varying load

The sensitivity of the probe and the related heat transfer
calculations is illustrated by the results which are plotted
in Figure 6. The data represent the transient rate of heat
transfer calculated from the measured surface tempera-
ture which was measured in an engine while running on
three different fuels at exactly the same speed and load.
The fourth curve is the heat transfer which resulted after
the timing had been_advanced by four crankshaft degrees
while the engine was running on one of the fuels. Advanc-
ing the timing had a significant effect on the heat rejection,
as can be seen in Figure 6. These results illustrate that the
probe was sensitive to relatively smail changes in the heat
transfer rate. It can be seen that the heat transfer rate was
relatively consistent prior to combustion. Slight variations
in the heat transfer rate prior to combustion were expected
as a result of differences in wall temperature.

Heat Transfer Rate

330 340 3s0 360 370 380 390 400
Crank Angle

Figure 6. Heat transfer rate calculated from measured
surface temperature with the engine operat-
ing at 2 000 r/min and 170 Nm on three differ-
ent fuels and with advanced timing

CONCLUSIONS

The construction and implementation of the heat flux
probe is relatively complex. Despite a number of the-
oretical limitations to the accuracy of the probe, it proved
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to be adequately accurate for the purpose of the investi-
gation into the relationship between heat rejection and
combustion. Contrary to initial fears that the durability of
the probe would be limited and that the gold foil thermo-
couple would require frequent replacement, the probe

proved to be very durable and, apart from routine clean- -

ing, it operated without fault for approximately 30 engine
hours. At the end of the project there was no evidence of
any deterioration of the probe. Had the probe not suc-
cessfully measured heat transfer rate, the relevant in-
vestigation would not have reached completion®.

While the development of the probe has been discussed
in the context of diesel engine testing, the design and
numerical methods used for the probe could be applied
in any application in which transient surface temperature
and transient heat flux measurements are to be carried
out. The probe has already contributed to the develop-
ment of a heat transfer model for predicting heat transfer
in the combustion chamber of a diesel engine®. Pos-
sibly, one of the most obvious applications for a heat fiux
probe would be an investigation into the role of spark
ignition knock in engine failure. The heat transfer meas-
urement theory could also have a significant number of
industrial applications.
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THE DEVELOPMENT OF A HORIZONTALLY-
CONFIGURED CIRCULATING FLUIDISED BED

COAL GASIFIER

*M R JUDD and **M PILLAY

A new type of fluidised bed coal gasifier is being developed under the auspices of the South African National Energy Council. A
special feature of the gasifier is that the exothermic combustion reactions are effectively separated from the endothermic
gasification (steam-char) reactions by means of an internal partition in the gasifier. Solid material in the gasifier is made to circulate
between the two zones created by this internal partition, and the gasifier is thus a type of circulating fluidised bed. Because of the
separation of the two reactions into two separate zones, it is possible to produce a relatively high Btu gas, even though the gasifier
is air-steam blown. For a relatively cheap coal this has economic advantages over oxygen-steam blown systems.

The original configuration of the gasifier was vertical, with the internal partition being a draft tube. This design is now superceded by

a horizontal version, with considerable additional benefits.

A review of the history of the development of the process and the development of ancilliary equipment (such as feeders, ash

removal and other devices) is presented.

KEYWORDS: horizontal; coal; gasifier

BACKGROUND

Coal is South Africa’s only real energy source. It is also a
major source of foreign revenue and should be utilised
as efficiently and economically as possible.

However, coal-fuelled devices require coal of a higher
quality (in terms of CV, ash, particle size, etc.) than can
be provided straight from the mines in South Africa and
this has led to the development of the enormous coal-
beneficiation industry — and the attendant undesirable
generation of huge quantities of discard coal fines.
There are nearly 300 million tons of such material
dumped in the RSA, over 90% being bituminous dis-
cards and the remainder being bituminous slurry, anthra-
cite discards and unwanted duff coals™. Many discard
piles have been on fire for years and pollution levels are
amongst the highest in the world®,

It is against this serious backdrop that research was
commenced at the University in the early 1980’s into the
development of a new type of gasifier that would utilise
low grade fine RSA coals. There seemed a very real
opening for a new type of unit because although the RSA
was gasifying more coal than any other courtry in the
world, none of the three general types of gasifiers cur-
rently operating (Lurgi, Koppers-Totzek and Staged
fixed-bed units) could satisfactorily process the general
range of RSA coals available. The Lurgi's refused fines
and produced some difficult by-products; the K-T's
needed specially selected high reactivity fuels and even
with these produced a further discard of a carbon-rich fly
ash; and the staged fixed-bed units needed special fuels
and also produced troublesome by-products.

The major coal consumers all launched search pro-
grammes in the early 1980’s to find an economical alter-
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nate gasifier: Sasol, embarrassed by excessive fines
production, wanted a fine-coal gasifier; Eskom, in re-
sponse to pressures to reduce pollution, wanted a gasi-
fier for IGCC; and a host of other companies such as
AECI, Gencor, Iscor, Highveld Steel, etc. — the list is
long —wanted a cheap, flexible new gasification process
for synthesis and/or industrial gas.

The search is even now still intense, with the National
Energy Council having just completed a maior evaluation
of Gasification Technology®, and certain other industrial
groups actively co-developing with overseas gasification
partners.

FLUIDISED BED PROCESSING

It was decided that, of the multitude of gasification processes
being developed, those in which the coal is fluidised look the
most promising. (Full reviews are available elsewhere®*?®
and only the key issues are addressed here.)

The fluidised bed gasifier (FBG) is not only able to be fed
with coals of a very wide range of size and properties,
but it also produces very small amounts of (generally un-
wanted) tars and oily liquids. However, the FBG has
never been commercialised in South Africa. This is partty
due to some of the inherent problems in the technology,
such as high fines recycle loads, relatively poor fines
burnout, low H,/CO ratio in the product gas, potential
oxygen breakthrough, high reaction intensities and after-
burning in the freeboard, erosion, gas reversion in the
bubble phase, difficulties in coal feeding and ash
removal, etc.

NEW PROCESS — VERTICAL CONFIGURATION

In this research project, the new process developed was
designed to modify the existing FBG process which
would, in practice, attempt to overcome the disadvan-
tages listed above.

In essence, this modification consisted of dividing the
fluidised bed into two separate compartments or zones
by the inclusion of a vertical surface.
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In the initial work the surface took the form of a draft tube
mounted axially in the reactor (as shown in Figure 1 below).

Wastegas
{low Bltu)

Syngas
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Combustion zone

Gasification zone
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Figure 1: Vertical configuration

Air

By supplying reagent gases at appropriate rates through
the specially designed distributors, the solids in the bed
could be made to circulate strongly in the reactor — up
the draft tube where the solids are in a slugging transport
regime and downwards in the annulus region, in a dense
partly fluidised bed regime. Coal was introduced into the
downward-flowing annulus.

HOT EXPERIMENTS

The first practical hot studies on a large (500 X
4 000 mm) model of this system were reported in detail
by Judd and Meihack® where it was shown that the deep
circulating ped configuration had a remarkable ability to
retain fines. It was shown that with air being supplied to
both parts of the bed a 96%-98% burnout was possible
on a ary (or slurry) feed of a 20 micron carbon-rich fly
ash. The reason for this remarkable performance was as-
cribed to the high residence time that the fly ash could
have in the bed as it was entrained downwards in the
down-flowing solids in the annulus region.

This characteristic also made it possible to process fri-
able discard that was prone to shattering and the forma-
tion of cenopheres/fines.

Parallel cold studies confirmed that downward entrain-
ment of fines was-a new and controllable processing
technique. (Subsequent to this work, papers have ap-
peared reporting on the exploitation of this technique for
the enhanced retention of fines®.)

To supply two different reagents to the two different zones
was a more difficult task and it required the authors to gain
a full understanding of the hydrodynamics of circulatory
solids flow and, in particular, an understanding of pres-
sure balancing. A major contribution to this was made by
Rudolph® who was seconded to the project by the then
interested industrial partner. In an intensive cold and hot
model study Rudolph uncovered the principal hydro-
dynamic elements of the process in a simple model
which enabled the authors to design the distributor and
gas separating hood and modify the large reactor at the
University of Natal to operate as a gasifier.

The experiments were only partly successful, mainly due
to the fact that the reactor shell had been built before
Rudolph’s theories were available and it was impossible
to lengthen the vessel to achieve the correct pressure
balance necessary to achieve complete separation of
gases, both in and after the reactor. Nevertheless, the
reactor was run hot (16 runs over about 300 hours), test-
ing various aspects of the draft-tube concept. Run
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lengths of typically 1to 2 days were ended by either
mechanical failures of the gas sampling systems, or the
primitive coal screw-feeding system, or also, often
merely by operator fatigue as the whole operation was
being run by only two or three available people. Never-
theless, the idea was proven in principle that zonal sepa-
ration was possible within a fluidised bed and that in the
context of gasification this meant that it was possible to
separate the combustion (oxidation) reactions from the
gasification (CO, H,-producing) reactions, and hence
achieve air-blown gasification instead of the expensive
oxygen-blown gasification through the normal method.

The separation of the zones and the avoidance of rea-
gent cross-flow between the zones was not, however,
perfect and further cold and hot model development
work by Pillay® finally showed that zero cross-flow could
not be achieved. Nevertheless, a number of distinct ad-
vantages of the process remained.

Firstly, it became evident that the outer downward-
flowing region behaved in many ways similarly to a Lurgi
gasifier, except that it did not produce tars/oils. Long
residence times of coal could be achieved, leading to
the potential for excellent coal burn-out even in the case
of low-reactivity coals. Experiments with low-reactivity
high-ash discard coal from the Platberg dumps in Natal
show that gas could be produced. The gasification in the
outer downward-flowing region also offered other
advantages, e.g. the feed coal, which shattered on the
sudden arrival in the £ 900 °C bed from the feeder, was
dragged down, initially pyrolysing under a steam atmos-
phere to a most reactive char which then gasified. But
unlike the Lurgi, the (largely undesirable) pyrolysis
products were reformed in the hot upper section of the
outer region and tars/oils were hardly produced.

Secondly, coal was dispersed into the circulating burden
of ash and refractory sand, and clinkering and caking was
thus not a problem.

Thirdly, and of great significance, the gasification
products (H, and CO) were formed in an essentially
oxygen-free environment, thus avoiding any problem of
reversion which is a prevalent problem in most FBG's.

Coal which was not converted cycled into the central
draft tube where the rapid combustion process occurred.
Most of the fines were elutriated into the lower value flue
gas. Any coal still unburned recycled back into the outer
region, but probably in a condition of greater reactivity to
steam due to its pass through the combustion zone. The
gas produced had a high H,/CO ratio® and, due to the
coal-rich mode of operation, no freeboard reactions
were detected.

FEEDERS, ASH REMOVAL AND OTHER DEVICES

Arising from the critical re-evaluation of Rudolph's circu-
lation model® and some definite experimentation by
Pillay®, an unexpected phenomenon in fluidisation was
discovered, namely that if a fluidised bed was partitioned
and the one partitioned compartment was sealed, the
fluidised bed retreated to the bottom of the partition, as
is shown in Figures 2 to 4. A simple adaption of this phe-
nomenon, shown in Figures 5 and 6, lead to a new
method of coal feeding below the bed surface, even into
a pressurised fluidised bed system®.

The idea was patented"® and tested hot in the pilot plant
facility at the University of Natal and later in an industrial
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fluid bed boiler. The principle was further extended to
develop an improved sensor for measuring pressure®”
and this too was demonstrated in an industrial fluid bed

reactor. it was

In further discussion of this principle,

‘ Figures 2-6: Principle of coal feeder system

realised that it could be applied in such a way that it
would be possible to remove hot solids from a fluidised
bed without the need for hot valves. This idea was also
refined and tested on the hot pilot facility and the
necessary data for design measured®.

New types of bed level detecting probes were also
developed®. One other major problem was the on-line
detection and measurement of particle circulation. Origin-
ally this was measured by tracking a radioactive particle™®
at operating temperatures, but a probe which responded
to particle movement was later developed by Bern-
hardt®®. This was found to be suitable for industrial use.

IMPROVED PROCESS — HORIZONTAL
CONFIGURATION

One of the problems with the vertical configuration was
that it soon became apparent that the flow regime in the
draft tube was highly scale-dependent and that there was
considerable doubt about whether the reactor could ever
be scaled up to a large industrial size. A lot of effort had
been expended in establishing a particular type of behav-
iour of the gas slugs in the draft tube (viz. square-nosed
slugging™®), but this particular regime could only be
achieved with quite small draft tube sizes.

However, if the gasifier were oriented horizontally and
the draft tube converted into a slot (see Figure 7), the
whole system became effectively a 2-D system and
offered the advantage that if one experimented on a
“slice” of the vessel, one could scale up with much
greater certainty simply by extending in the horizontal
direction.

co#" ;Il‘ ‘pgl

oA
P‘R

Figure 7: Horizontal configuration

A series of small-scale cold slice models were built,
tested and modified, until a near optimum geometry
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was developed. The slice model was. code-named the
“Camembert” and soon a large 2 000 x 400 mm cold
model was erected at the CSIR for-independent testing
and analysis.

The Camembert far exceeded design expectations, the
undesired cross-flow of gas was reduced and the par-
ticle circulation increased. Innovative experimentation
by Engelbrecht"® led to a practical bubble-cap parti-
tioned-distributor design and the data generated
enabled computer simulation of a possible industrial
version.

In these cold model studies a further interesting fluidisa-
tion phenomenon was discerned, namely that a standing
wave formed on the surface near an inclined surface.
The phenomenon was capitalised on to improve the
post-gasifier (hood) separation of the gases from the two
zones of the gasifier.

Following the success of the CSIR model studies, an in-
tensive patenting programme was embarked on and the
design patented locally and in a number of overseas
countries"™.

SIMULATION, MODELLING STUDIES AND KINETIC
DATA

Following the patenting process, the next logical step
was to build a hot pilot plant of the process. Expenditure
for such a project has been estimated from as little as
RO,5 million to as high as R10 million and a comprehen-
sive study of the future development of the process is
now in progress®.

Pending the outcome of the study, research is being
undertaken in control and computer simulation and mod-
elling studies. Both in-house and proprietary programs
(e.g. REACTION, ASPEN, CHEMCAL, g2} 2ra in nep,

These have required kinetic data on the various pro-
cesses occurring in the gasifier. In the case of combus-
tion, the process is very rapid and there is also a con-
siderable wealth of information. On the other hand, the
data on the kinetics of the steam-char reaction for RSA
coals was non-existent. A micro fixed-bed reactor was
therefore developed, and a range of coal types have
been studied under projected reactor conditions yielding
the first database on RSA char-steam reactivities".
Parallel work on devolitisation has also been under—
taken"”.

PROCESS CONTROL

The control of the circulating bed gasifier requires the
simultaneous control of both the fluidisation hydro-
dynamics and also the thermodynamics and reaction ki-
netics. To be industrially acceptable, the process must
be both intrinsically controllable and also reasonably ro-
bust to mild process perturbations. The study of the con-
trol problem has necessitated the building of further
models to identify interactions and sensitivities to
various potential malfunctions. This work is presently in
progress and firm conclusions. about the overall control-
lability of the process are expected by the year end.

HEAT TRANSFER STUDIES

One special feature of the process is the employment of
an inert solid phase (ash + refractory sand) to transfer
heat from the- hot combustion zone (in the draft slot) to
the cold gasification zone (in the outer regions). The
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sand acts effectively as an allothermal agent and it is the
sand's capacity to heat up and cool down rapidly that is
an important factor in determining the coal processing
capacity of the gasifier. Accordingly, a 150 x 2 000 mm
test reactor has been built in which sand can be switched
from combustion to gasification conditions. This highly
instrumented rig is starting to provide the necessary data
on the unsteady-state heating/cooling process.

CONCLUSIONS

The final outcome of this gasifier development is now
imminent and, as alluded to above, decisions are ex-
pected shortly as to whether the hot pilot plant should be
built or the development programme terminated. It
seems appropriate perhaps to conclude by a summary of
the principal advantages that the authors hope for in the
process, together with the potential disadvantages that
have been identified so far.

Principal hoped-for advantages of the process

(1) Use of air (or possibly enriched air) instead of oxygen.

(2) Potentially capable of handling fine feedstocks, without
the need for special feed pretreatment/screening and
showing a good burn-out of fines, latent or existent.
No separate fines recycle system.

(8) High H,/CO ratio in the so-called “syngas” stream.

(4) Low reversion of the “syngas” gas stream, in the
gasifier itself.

(5) Capable of handling low-reactivity coal, maybe also
discard-grade coals.

(6) Capable of operation at high pressure (a simple
cyiindrical reactor).

(7) Potentially an exportable technology, and job-
creating process for RSA.

Reasons for hoped-for advantages

(1) With the zonal separation in the reactor only a very
small amount of N, will appear in the medium Btu gas
stream.

(2) Downward-flowing region in the reactor shows a re-
markable capacity for retaining ultra-fines until they
have burned out.

(3) The high H,/CO ratio observed in hot experiments is
not fully understood. It is possibly due to the separa-
tion of the various gasification reactions.

(4) Low reversion is due to the absence of both bubbles
and O, in the gasification zone.

(5) Low capital cost because of: low headroom re-
quired, low vessel cost, low royalities, low feed pre-
paration costs, local manufacture costs, no complex
valves, no water jackets.

(6) Unreacted coal cycles between the combustion and
the gasification zones; being “reactivated” in the
combustion pass, by physical rupture, etc.

(7) Simple vessel design should readily permit pressuri-
sation.

(8) Home-grown technology which may in the end work
better for South African coal than any of the other
gasification processes.

Potential disadvantages that have been identified

(1) The sand-filled seals, which separate the two gas
streams leaving the gasifier, may fail if the pressure
differential between the two gas streams is not kept
within, say, 10 ins w.g. This probably makes the gasi-
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fier unsuitable for a chemical or a synfuels plant re-
quiring syngas (from a safety point of view). But the
process could be a satisfactory generator of fuel gas
for general industrial use or for IGCC.

(2) Since the gasifier produces two separate gas
streams, and if it is desired to maintain these two
streams separated, then two gas clean-up systems
will be required (capital cost problems). But if only a
fuel gas is required, the two streams could be com-
bined for a single cleaning.

(3) The scale-up rationale consists essentially of in-
creasing the length of the gasifier. As length is in-
creased, more feeders, more gas manifolds, more
ash removal points, etc. are needed. The economy
of scale may thus not favour very large units.

(4) Control of the system may be difficult due to the complex
interaction between the requirements for particle circula-
tion and the requirements for autothermacity. Also, the
unit may be too sensitive to any axial maldistribution of
the feed (reactant) gases (such as might be caused by
local blocking of the distributor).
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OVERVIEW OF THE FIRST WORLD COAL
INSTITUTE CONFERENCE ON COAL IN THE
ENVIRONMENT, HELD IN LONDON, ENGLAND,

3-5 APRIL 1991

*C W LOUW

INTRODUCTION

The World Coal Institute (WCI) which organised and
sponsored the Conference on “Coal in the Environ-
ment” is- a non-profit, non-governmental association of
coal-producing enterprises. Membership of the WCl is
open to coal producers from anywhere in the world. Pres-
ent membership is drawn from countries of six conti-
nents, including South Africa.

The Conference attracted world-wide attention, being at-
tended by 520 delegates from 43 countries. South Africa
was well represented with 16 delegates from both the
public and private sectors.

The aims of this Conference were spreading under-
standing of the world-wide importance of coal, highlight-
ing the environmental issues facing coal development
now and in the future, and providing a comprehensive
and authoritative coverage of the very latest in clean coal
technologies. The programme comprised a main stream
session that was complemented with parallel technical
and poster sessions, as well as an exhibition which
focused mainly on clean coal technologies. In addition,
addresses were presented at luncheons by various dis-
tinguished international guests including persons such
as the Right Honourable John Wakeham, UK Minister of
State for Energy, and Mr George Bartlett, South African
Minister of Mineral and Energy Affairs.

MAIN VIEWPOINTS

A number of important viewpoints on various aspects re-
lating to the coal/energy/environmental interface ema-
nated from the presentations and discussions during the
Conference. A synthesis of these is presented below:

Coal in the global energy economy

Coal, by virtue of its abundance and wide geographical
spread, is regarded as a vital and Ssecure source of
energy for the future. Coal reserves are sufficient to last
well over 200 years at 1990 levels of production and will
outlast known oil and gas reserves which are expected
to last for not much longer than 50 years. However,
coal's lifetime as a resource is not unlimited, and
accordingly steps to ensure its sustainable use are a
necessity.

The past history of coal has been one of maximum
exploitation with little regard for environmental conse-
quences. Consequently, coal’s public image has to be
improved and its public acceptance needs to be won

*Head, Coal R & D, National Energy Council, Private Bag X083,
Lynnwood Ridge 0040, South Africa
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back. Although coal will play an increasingly important
role as a primary energy source in the world it can expect
stiff competition from other resources, especially from
natural gas in the near-to medium-term and from nuclear
power in the longer term.

Environmental constraints do pose a significant threat to
coal's future and must be taken seriously. Elements
which are considered critical for ensuring coal’s promi-
nence as a clean and strategic fuel in the future global
energy mix inciude technology innovation across the
broad spectrum of coal utilisation, technology moderni-
sation, policy and research agendas which are focused
on global climate change, initiatives which are environ-
mentally prudent and have merit in their own right, and
training and education of the next generation of engi-
neers, scientists and technologists whose work wili
shape the long-term viability of coal.

The coal industry should not only be concerned with
supplying coal as an energy source, but should also en-
sure that coal is used in an efficient and environmentally
responsible manner by providing expert advice on all
aspects of coal utilisation and by becoming more in-
volved in the development of clean coal related techno-

logies.

'Environmental challenges and responses

The production and utilisation of coal on a large scale
have an inevitable impact on all three of the environmen-
tal media, i.e. atmosphere, water, and soil. Increased
use of coal will tend to lead to more pressure on these
media. The added burden of solid and liquid wastes re-
sulting from the application of clean coal technologies,
notably air pollution control systems, is amongst the new
environmental issues that will require urgent attention.

There is no universal panacea for the treatment of pollu-
tion emissions and wastes resulting from the utilisation
of coal. The environmentally related solutions adopted
will depend very strongly on local circumstances. In this
regard it was emphasised that an integrated approach to
environmental protection needs to be followed whereby
such emissions and wastes are considered throughout
the whole of a project.

The single most important environmental challenge is
the curbing of greenhouse gas emissions resulting from
fossil fuel combustion. The argument that coal used for
power generation accounts for only 8% of the global
warming problem simply will not carry sway in a world
where strong environmental concerns and beliefs are
increasingly being voiced through political action and
regulatory change.
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There is, as yet, no clear scientific evidence of an
enhanced global greenhouse effect which could have
detrimental consequences for the environment. How-
ever, it is virtually certain that the troposphere is warm-
ing very slowly in response to the continuously increas-
ing concentrations of greenhouse gases, but the signal
is still too small to be detected above the large natural
climate variations, partly because it is being delayed by
the thermal inertia of the oceans. Prediction of the mag-
nitude and timing of the greenhouse warming and the
concomitant changes in rainfall and other climate para-
meters is still too uncertain to provide firm guidance for
major policy decisions.

Although scientific evidence for the enhanced global
greenhouse effect is not yet clear cut, the implications of
that evidence are sufficient to warrant the promotion of
cost-effective measures which can be applied until more
certainty is obtained. Such measures should include
reasonable and practicable steps to reduce energy con-
sumption, utilise all fuels more efficiently, and explore
economically promising alternatives to fossil fuels. In ad-
dition, adaptive strategies should be developed without
delay for the areas of agriculture, forestry, water supply
and coastal defences, whereby the economy would be
made less vuinerable to climatic changes when they do
occur.

The application of appropriate fiscal measures is an.im-
portant instrument to aid the curbing of greenhouse gas
emissions; the rationale behind this approach being that
energy should be more expensive to reflect its cost to
the environment and to discourage its use through the
higher price, thereby reducing emissions of greenhouse
gases. Levies rather than taxes seem to be favoured be-
cause the former have a much stronger steering effect
and can therefore be employed for specific purposes,
e.g. financing investments into energy-efficient techno-
logies. The extent to which such measures would affect
the competitiveness of countries was unfortunately not
discussed.

The targets adopted by several countries for stabilising
greenhouse gas emissions do not appear to be manda-
tory and most carry carefully devised caveats which pro-
tect their national interests. Moreover, these: decisions
would appear to have been made at a political level with-
out evaluating the economic and social consequences
of such measures.

There is a need to evaluate properly the various re-
sponse measures proposed for stabilising greenhouse
gas emissions, especially in relation to determining the
costs and benefits involved before committing the world
economy to an unnecessarily costly or irrevocable re-
sponse strategy.

Present and prospective technical solutions

It is of common concern to all countries that the conti-
nued use of coal should be based on the best available
clean coal technologies and that improved methods of
using coal are continuously supported at all stages of
their development from research through development
and demonstration to proving on a commercial scale.

Much simple yet effective advice and technical knowhow
is already available to make immediate improvements to
the oldest and most poorly operated plant, whilst more
sophisticated systems can follow to bring all countries
eventually up to the highest performance standards.

November 1991

A comprehensive suite of clean -coal technologies is
available, but further development is required to improve
their efficiencies. Moreover, the experience gained from
demonstration plant experience in advanced clean coal
technologies needs to be rapidly translated into a com-
mercial scale, both for new plant construction and for the
improvement of existing plants.

Due to its cleanliness and processing flexibility, coal
gasification will emerge as the major coal conversion
technology for power generation of the 21st century.

Despite the potential of clean coal technologies, it would
be a mistake not to recognise that the potential to use
coal and to control emissions may be irrelevant to many
in the environmental community who may be
fundamentally opposed to fossil fuels and are particularly
anti-coal. Their views may not be widely held, but their
political and public influence is substantial and growing.

International co-operation and technology transfer

The international community in the coal sector can be of
greatest assistance to developing countries by aiding
them in their efforts to undertake the structural and insti-
tutional reforms required to produce a more energy-effi-
cient sector.

It would be in the interest of all nations if developing
countries were given ready access to the new range of
clean coal technologies currently being developed and
demonstrated in industrial countries. However, given the
current debt problems and resource constraints con-
fronting most developing countries and the fact that most
pollution to date was caused by developed countries,
the most appropriate principle would seem to be that the
developed countries mobilise and provide the necessary
additional resources to allow the successful introduction
of clean coal technologies to developing countries. A
first step in this direction is to be seen in the creation of
centralised funding facilities such as that which has
already been set up by the World Bank.

Transfer of technology should be done within the frame-
work of a technology policy which sets long-term goals.

Selection of the proper technology and its adaptation to local
conditions are essential. Only commercially proven techno-
logies should be transferred to developing countries.

Any type of technology transfer should be integrated with
follow-up training programmes. Consultation and docu-
mentation centres should also be opened to provide
services to industry and domestic users of coal.

Transfer of clean coal technologies to developing coun-
tries will not only increase the share of coal in the pri-
mary energy demand of these countries, but will also
help increase their economic welfare and at the same
time preserve the environment.

CONCLUSIONS

The Conference did not feature a formal concluding ses-
sion. The conclusions offered here are based upon the
author’'s evaluation of the presentations and views ex-
pressed at the Conference, particularly taking into account
the South African energy, environment and socio-eco-
nomic situation. These conclusions are as follows:
® The interaction of energy and the environment is a
field which is interwoven with many complexities and
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in which economic constraints play an important role.
Management of the energy/environment interface will
require a balanced and pragmatic approach wherein
both energy security and environmental safety are
given due consideration.

® The integrated energy/environment policy currently
endorsed by the National Energy Council™ appears to
be basically sound and in line with broad international
thinking. However, a sine qua non for the successful
implementation of this policy will be the full co-opera-
tion between all interested parties in the public and
private sectors as well as the general public. This
needs to be reinforced, on the one hand, by a
properly integrated National Environmental Manage-
ment System that will hopefully be adopted shortly
and, on the other hand, by an energy-related educa-
tion/information drive aimed at the broad community
in South Africa.

® The world is unlikely to accept further use of coal
without significantly improved environmental perform-
ance. It can therefore be expected that South Africa,
with coal as its most important energy source, will be-
come increasingly subjected to environmental pres-
sures both from within and outside the country. In
order to effectively counteract this situation a pro-ac-
tive approach will be needed to stimulate the clean
and efficient use of coal throughout the entire chain
of coal utilisation. It would seem expedient that such
an approach be complemented with the introduction
of cost-effective fiscal and regulatory measures
which are appropriate for South African conditions.

o A comprehensive suite of advanced clean coal tech-
nologies is being developed in the USA and Europe.

These programmes are excessively costly, and a
small country such as South Africa cannot afford to
partake in the basic development of such technolo-
gies. However, it will be prudent with a view to long-
term planning that hands-on experience be obtained
in some of the better developed clean coal technolo-
gies which are associated with power generation. In
this regard an opportunity appears to exist to carry
out a demonstration project entailing the repowering
of one of the “mothballed” coal-fired power stations
in the Eastern Transvaal Highveld using coal gasifica-
tion. Such a project should be given serious con-
sideration and could well be undertaken as a joint
venture between government, the coal industry and
other parties.

® |n a broader context it is essential that South Africa
with its well-developed infrastructure, available ex-
pertise and strong leadership core should really be-
come more geared towards creating prosperity for its
entire community, giving due regard to the maintain-
ing of a proper balance between socio-economic
development and environmental protection. This
approach will ensure the possibility of exercising
energy and environmentally related options in the
near to medium term that will ultimately benefit all its
citizens.
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Enquiries: The Conference Co-ordinator: Mrs Toy
Bester, LGI Short Courses, P O Box 30536,
Sunnyside 0132, South Africa

RECENT ENERGY PUBLICATIONS

*BOTHAP C
DUTKIEWICZ R K

Technical and economic change in
the South African steam boiler stock.
National Energy Council, September
1991.

Ref. No. EVD 4

BOTHA P C
DUTKIEWICZ R K

Technical and economic change in
the South African steam boiler stock.
Energy Research Institute, November
1991,

ER! Report No. GEN 145 R50,00

DUTKIEWICZ R K
STOFFBERG T C

Electricity saturation in South Africa.
Energy Research Institute, November
1991.

ER! Report No. GEN 146 R45,00

November 1991

These are Final Reports for NEC-funded projects
recently accepted by the NEC. The publications marked
* can be ordered from: Mrs W Giisen, National Energy
Council, Private Bag X03, Lynnwood Ridge 0040, South
Africa. (Tel.: (012) 348 9564/5/6).

Prices are quoted where known, otherwise they may be
obtained from Mrs Gilsen at the National Energy Council.

Publications published by the Energy Research Institute
may be ordered from: Information Officer, Energy
Research Institute, P O Box 33, Plumstead 7800, South
Africa. (Tel.: (021) 705 0120).

The prices quoted include 10% VAT and postage.
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INFORMATION FOR AUTHORS

Contributions to the Journal of Energy R & D in
Southern Africa from those with specialist know!-
edge in the energy research field are welcomed.

1. All contributions should be submitted in English.

2. Only original work will be accepted and copyright
in published papers will be vested in the pub-
lisher.

3. The suggested average length for articles and
research notes is 4000 to 6000 words, and for
book reviews 1200 to 1800 words.

4. The contribution and references should be typed
double-spaced with a wide left-hand margin and
single-sided using one of the available word
processor packages listed at the end. The name
and version of the word processor package used
must be indicated on the floppy disk. lllustra-
tions, photographs and diagrams should be
submitted on separate sheets.

5. Tables should be numbered consecutively in
Arabic numberals and given a suitable caption.

6. All graphs, diagrams and other drawings should
be referred to as Figures. These should be
numbered consecutively in Arabic numerals and
placed on separate sheets at the end of the
manuscript. Their position should be indicated in
the text. All illustrations must have captions,
which should be typed on a separate sheet.
Graphs, diagrams etc should be printed with a
laser printer, using the high quality option. If
possible, all graphs should be produced with
Harvard Graphics.

7. The format for references should follow that as
for footnotes where a number indicates the
reference, as shown below:

Louw @ states that . . .

Full references for books and journals must
appear at the end of the ariticle in numerical
sequence. Forreferences to books, all relevant
information should be provided, that is author(s)
surname and initial(s), full title (and subtitle,
where applicable), publisher, place of publica-
tion, date of publication, and page reference. For
periodical references, the author(s) surname and
initial(s) must be provided, as well as the full title
and subtitle (if applicable) of the article and the
periodical, volume number, part, date, and page
reference. Numbers identifying all references at
the end of the contribution should be enclosed in
brackets.

8. Standard International (S!) units must be used.

9. All mathematical expressions should be type-
written. Greek letters and other symbols not
available on the typewriter should be carefully
inserted in ink. A list of symbols marked for the
use of the Editor, if notincluded in the body of the
text, should accompany the contribution on a
separate page. A nomenclature defining sym-
bols must be included. Numbers identifying
mathematical expressions should be enclosed in
parentheses. All tables and mathematical ex-
pressions should be arranged in such a way that

ScreDa

they fit into a single column when set in type. All
table columns should have an explanatory head-
ing. Equations that might extend beyond the
width of one column should be rephrased to go
on two or more lines within column width.

10. Line drawings (not photocopies) and accom-
panying lettering should be of a sufficient size to
allow for reduction if necessary. Photographs of
equipment must be glossy prints and should be

used sparingly.

. The body of the contribution should be preceded
by an Abstract not exceeding 500 words, which
should be a résumé of its essential contents,
including the conclusions. Below the Abstract
the maximum of four Keywords should be
included which reflect the entries the author(s)
would like to see in an index. The Keywords may
consist of more than one word, but the entire
concept should not be more than 30 characters
long, including spaces.
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12. No contribution or figures will be returned foliow-
ing publication unless requested by the author(s)

at the time of its original submission.

In a covering letter, the author(s) must state that
the contribution has not been published, is not
being published or being considered for publica-
tion elsewhere, and will not be submitted for
publication elsewhere unless rejected by the
Editor of the Journal of Energy R & D in Southern
Africa or withdrawn by the author(s).

13.

. Authors must supply the following personal
information: surname, initials, address, qualifica-
tions, occupation and/or employment.

. Authors whose contributions are accepted for
publication will receive a free copy of the issue
and 5 copies of their contribution.

. Neither the Editor nor the Publisher accept
responsibility for the opinions or viewpoints
expressed, or for the correctness of facts and
figures.

17. The Editor reserves the right to make editorial

changes to all contributions.

18. All contributions and enquiries should be ad-
dressed to: Editor, Journal of Energy R & D in
Southern Africa, Energy Research Institute,
University of Cape Town, P.O. Box 33, Plum-

stead 7800, South Africa.

Contributions mustbe submitted ona 5'/« inch floppy
disk and use must be made of one of the following
word processor packages:

Multimate
Microsoft Word
PC-Write

PFS: Professional
PFS: Write -
Wordperfect
Wordstar

XyWrite

The floppy disk must be adequately packed for
postage.





