See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/329040653

Burning, Fluttering, and Extinguishing of a Candle Flame in a Tube

Article in Resonance - November 2018

DOI: 10.1007/512045-018-0735-7

CITATIONS
0

3 authors, including:

Pratyush Agarwal
Indian Institute of Technology Roorkee

6 PUBLICATIONS 1 CITATION

READS
570

Navneet Kumar
Indian Institute of Technology Jammu

54 PUBLICATIONS 171 CITATIONS

ResearchGate

SEE PROFILE SEE PROFILE

Some of the authors of this publication are also working on these related projects:

roject  Drying from porous media consisting of stacked cylinders. View project

poject Mechanism behind high mass loss from low open area surfaces like a leaf. View project

All content following this page was uploaded by Navneet Kumar on 19 November 2018.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/329040653_Burning_Fluttering_and_Extinguishing_of_a_Candle_Flame_in_a_Tube?enrichId=rgreq-960d9ed7095b5d3b239e64dcd4dae768-XXX&enrichSource=Y292ZXJQYWdlOzMyOTA0MDY1MztBUzo2OTQ2NzE3MzUwMjU2NjdAMTU0MjYzNDA1NjQ0Ng%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/329040653_Burning_Fluttering_and_Extinguishing_of_a_Candle_Flame_in_a_Tube?enrichId=rgreq-960d9ed7095b5d3b239e64dcd4dae768-XXX&enrichSource=Y292ZXJQYWdlOzMyOTA0MDY1MztBUzo2OTQ2NzE3MzUwMjU2NjdAMTU0MjYzNDA1NjQ0Ng%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Drying-from-porous-media-consisting-of-stacked-cylinders?enrichId=rgreq-960d9ed7095b5d3b239e64dcd4dae768-XXX&enrichSource=Y292ZXJQYWdlOzMyOTA0MDY1MztBUzo2OTQ2NzE3MzUwMjU2NjdAMTU0MjYzNDA1NjQ0Ng%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Mechanism-behind-high-mass-loss-from-low-open-area-surfaces-like-a-leaf?enrichId=rgreq-960d9ed7095b5d3b239e64dcd4dae768-XXX&enrichSource=Y292ZXJQYWdlOzMyOTA0MDY1MztBUzo2OTQ2NzE3MzUwMjU2NjdAMTU0MjYzNDA1NjQ0Ng%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-960d9ed7095b5d3b239e64dcd4dae768-XXX&enrichSource=Y292ZXJQYWdlOzMyOTA0MDY1MztBUzo2OTQ2NzE3MzUwMjU2NjdAMTU0MjYzNDA1NjQ0Ng%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Pratyush-Agarwal-2?enrichId=rgreq-960d9ed7095b5d3b239e64dcd4dae768-XXX&enrichSource=Y292ZXJQYWdlOzMyOTA0MDY1MztBUzo2OTQ2NzE3MzUwMjU2NjdAMTU0MjYzNDA1NjQ0Ng%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Pratyush-Agarwal-2?enrichId=rgreq-960d9ed7095b5d3b239e64dcd4dae768-XXX&enrichSource=Y292ZXJQYWdlOzMyOTA0MDY1MztBUzo2OTQ2NzE3MzUwMjU2NjdAMTU0MjYzNDA1NjQ0Ng%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Indian-Institute-of-Technology-Roorkee?enrichId=rgreq-960d9ed7095b5d3b239e64dcd4dae768-XXX&enrichSource=Y292ZXJQYWdlOzMyOTA0MDY1MztBUzo2OTQ2NzE3MzUwMjU2NjdAMTU0MjYzNDA1NjQ0Ng%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Pratyush-Agarwal-2?enrichId=rgreq-960d9ed7095b5d3b239e64dcd4dae768-XXX&enrichSource=Y292ZXJQYWdlOzMyOTA0MDY1MztBUzo2OTQ2NzE3MzUwMjU2NjdAMTU0MjYzNDA1NjQ0Ng%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Navneet-Kumar?enrichId=rgreq-960d9ed7095b5d3b239e64dcd4dae768-XXX&enrichSource=Y292ZXJQYWdlOzMyOTA0MDY1MztBUzo2OTQ2NzE3MzUwMjU2NjdAMTU0MjYzNDA1NjQ0Ng%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Navneet-Kumar?enrichId=rgreq-960d9ed7095b5d3b239e64dcd4dae768-XXX&enrichSource=Y292ZXJQYWdlOzMyOTA0MDY1MztBUzo2OTQ2NzE3MzUwMjU2NjdAMTU0MjYzNDA1NjQ0Ng%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Indian_Institute_of_Technology_Jammu?enrichId=rgreq-960d9ed7095b5d3b239e64dcd4dae768-XXX&enrichSource=Y292ZXJQYWdlOzMyOTA0MDY1MztBUzo2OTQ2NzE3MzUwMjU2NjdAMTU0MjYzNDA1NjQ0Ng%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Navneet-Kumar?enrichId=rgreq-960d9ed7095b5d3b239e64dcd4dae768-XXX&enrichSource=Y292ZXJQYWdlOzMyOTA0MDY1MztBUzo2OTQ2NzE3MzUwMjU2NjdAMTU0MjYzNDA1NjQ0Ng%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Navneet-Kumar?enrichId=rgreq-960d9ed7095b5d3b239e64dcd4dae768-XXX&enrichSource=Y292ZXJQYWdlOzMyOTA0MDY1MztBUzo2OTQ2NzE3MzUwMjU2NjdAMTU0MjYzNDA1NjQ0Ng%3D%3D&el=1_x_10&_esc=publicationCoverPdf

CLASSROOM

. . . . 1 !Pratyush Agarwal
Burning, Fluttering, and Extinguishing of a Candle IIT-Roorkee

Flame in a Tube 2Navneet Kumar

Department of Mechanical
Engineering
In this article, we report some experimental results on the be-  |isc, Bengaluru
haviour of the flame of a candle kept at the bottom of a glass  3Jaywant H Arakeri

tube, which is open at the top and closed at the bottom. Thus, Department of Mechanical
. . Engineering
the supply of oxygen for the continuous burning of the flame Indian Institute of Science

is possible only from the top open end of the tube. We find  p,gai0re 560 012, India.
that the candle burns steadily below a critical tube height. 1,52 valpratyush.iitregnail.com
Above this height, the flame oscillates in size, and a further in- *

crease in tube height leads to the flame extinguishing quickly.

navneet01011987@gmail.com
3jaywant@iisc.ac.in

1. Introduction

There is no more open door by which you can enter into the
study of natural philosophy than by considering the physical phe-
nomenon of a candle. — Michael Faraday

Burning of a candle is a phenomenon that has intrigued both chil-

dren and adults alike since acons. When we light a candle, we see

at first, the formation of a beautiful cup-like flame. As air flows

near the candle flame, it cools the sides of the wax more than

the part within the candle. As a result, the part within the candle

melts while the part outside doesn’t. If the cup is unsymmetrical

or the air stream is irregular, we do not get to see the beautiful

cup on the candle, rather guttering (flowing of liquid wax from

the sides) occurs. The fluid formed on the top of the cup flows to

the wick due to capillary action. This melted wax climbs all the

way upto the wick where it is burnt, acting as a fuel. If too much

of the melted wax goes to the top, the candle extinguishes, as you

may have noticed when we turn a candle upside-down. When we

blow out a candle, we can see a stream of vapour oozing out of the

wick end and, if we put a lighter near those vapour streams, we  Keywords

can see that the candle starts burning again. The only condition ~ Candle, flame, convection, plume,
is that the vapour must be lighted quickly for the candle to burn airstream.
again as the vapour tends to cool fast and codense into a liquid or
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Have you ever wondered
how the flame sustains
itself in the air? What is
the role of ambient air in
the burning of a candle?
What if we constrain our
candle flame in such a
way that only a limited
supply of air is available
to it?

solid.

Have you ever wondered how the flame sustains itself in the air?
What is the role of ambient air in the burning of a candle? What
if we constrain our candle flame in such a way that only a limited
supply of air is available to it? Will the flame sustain itself and if
it does, will its nature change? We have tried to answer some of
the above discussed questions in our experimental study. In our
study, the candle flame was enclosed in a glass tube open at the
top and closed at the bottom. This configuration is different from
the common one like a kerosene lamp where the air is allowed to
enter from the sides and bottom, and the burnt gases escape from
the top.

2. Experimental Setup

The experiments were performed in a glass tube of diameter 58.6
mm and different heights. Two different candles of diameter 1
and 2.5 cm with corresponding wick diameters 1 mm and 2 mm
respectively were used. The length of the candle used was nearly
2 cm, and the wick height was kept at 8—10 mm during all the
experiments. Following is the experimental procedure.

Water was filled to a height of 5 mm in a container of about 1
cm tall and diameter slightly larger than the tube. The candle
was then placed in the middle of the container and lit. The glass
tube was then placed coaxially with the candle. Presence of wa-
ter in the container ensures that ambient air does not enter from
the tube bottom. A schematic of the setup is shown in Figure
1. Flame characteristics were captured using an optical camera
(Nikon Coolpix P7800) placed along a plane perpendicular to the
flame. Temperature distribution on the outer surface of the tube
was obtained using a thermal camera (Fluke Ti400).

3. Results and Observations

Let us first discuss the behaviour of the flame as the tube height
is changed. The following discussion is for a 2.5 cm diameter
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Figure 1. Schematic of the
experimental setup. Can-
dles used were 1 and 2.5
cm in diameter with 1 and
2 mm thick wicks, respec-
tively. Diameter of the glass
tube was 58.6 mm and their
heights used were 24, 30,
38, 43.5, 48, 55.5, and 60
cm.

Glass tube height corresponding to

Candle | Fluttering | Steady | Oscillation | Extinguished
diameter
(cm) (cm) (cm) (cm) (cm)
2.5 24 30 38,43.5 48, 55.5, 60
1 24 30,38 | 43.5,48,55.5 60

candle, but the behaviour is qualitatively similar to the 1 cm di-
ameter candle. For a tube height of 24 cm, a considerable amount
of flame fluttering (a swift quivering movement in the horizontal
direction) was observed. As the tube height was increased to 30
cm, the candle flame became nearly steady. As the tube height
was further increased to 38 cm, the flame began oscillating, i.e.,
the flame height increased and decreased with time, the optical
camera indicated a time period of 20-50s. The amplitude of os-
cillation of the flame tip varies with time. For a 43.5 cm tube
height, the flame oscillated a few times and then it extinguished.
The flame even became nearly spherical for some instances of
time during its oscillation. In case of 48 cm, 55.5 cm, and 60 cm
tube heights, the flame extinguished immediately. The character-
istics of the candle flame with the change in tube height and the
candle diameter are given in Table 1.

Table 1. Characteristics of
the candle flame at different
tube heights and candle di-
ameters.

RESONANCE | November 2018 W
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Figure 2. Schematics
showing the entrainment of
ambient air into the tube and
the expected (a) mean ver-
tical velocity and (b) mean
temperature profiles along
the cross-sectional area of
the tube.
will emerge from the mid-
dle of the tube and the cold

ambient air will be entrained

The hot plumes

along the circumference of
the tube.

For slightly longer glass
tubes, the incoming
ambient air flow near the
flame is not sufficiently
strong to cause it to
flutter. Hence, the candle
flame is steady. This
situation is similar to the
condition where a candle
is burning in a quiescent
atmosphere.

————.—'7“- m
| N

L] [N
VAN

a) Mean Velocity profile

b) Mean Temperature profile

The necessary condition for the flame to burn is that ambient air
should enter from the top of the tube. Note that the continu-
ity equation or mass conservation for the flow of gases at any
tube cross-section must be satisfied at all instants. The volume of
gases (cold + hot) inside the tube is constant. This implies that
the flow rate of gases exiting the tube must be compensated by
the flow rate of ambient air entering the tube. In effect, there is
a counter current of up-flowing and down-flowing gases at any
cross-section (Figure 2). To understand the flame behaviour, we
used the shadowgraph technique (Figure A, Box 1) to observe the
air current inside the tube. We could observe the cold stream of
air getting in from the top of the tube, and a hot plume formed
due to the combustion of the candle rising up in the centre. The
plume was highly turbulent and three-dimensional in nature.

In case of small tube heights, ambient air enters from the top of
the tube along its circumference and reaches the flame, whereas,
hot gases escaped predominantly from the central region of the
tube top. The rate of air (oxygen) consumption by the flame and
the rate of incoming ambient air are equal in this case. In fact, the
incoming cold air which is consumed near the flame base has a
high velocity causing the observed ‘flame fluttering’.

For slightly longer glass tubes, the incoming ambient air flow near
the flame is not sufficiently strong to cause it to flutter. Hence, the
candle flame is steady. This situation is similar to the condition
where a candle is burning in a quiescent atmosphere.

A further increase in the tube height results in the oscillation of
the candle flame which is explained as follows. When the flame is

1276
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Box 1. Shadowgraph

" Screen

1- ﬁﬂ Light Source

shadow patterns.

The density of a fluid varies with the temperature or with the concentration of a dissolved species (like salt
in water) and there is an associated change in its refractive index. Variations in the refractive index deflect
(or phase shift) the light passing through the fluid. If a screen is placed opposite to the light source, these
effects create shadows on the screen creating an image, visible to the naked eye, called a shadowgraph. The
schematic of the experimental setup for shadowgraph imaging is shown in Figure A.

Figure A. Schematic of the shadowgraph experimental setup. The glass tube had a square cross-sectional
area of 25 cm? and a height of 30 cm. The light source creates a shadow of the hot and cold air currents on
the translucent screen. The optical camera (Nikon Coolpix P7800) was behind the screen to record the

at its peak, there is insufficient incoming ambient air (and hence
oxygen) to burn, and its length is reduced. A smaller flame allows
more ambient air which causes the flame height to increase. This
pattern keeps repeating itself and hence the observed oscillations
in the flame size. Figure 3 shows photographs of the flame and
the plumes schematically indicated by dotted lines at two instants.

On further increasing the height of the tube, the flame extin-
guishes because the cold fresh air is unable to reach the candle
flame and provide the required oxygen.

The surface temperature measurements using the IR camera give
further insights (Figure 4). It is evident that the maximum surface
temperature is not near the flame. We observe one global max-
imum and one local maximum in the temperature versus height
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Figure 3. Two images of
the candle flame during its
oscillation.
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Figure 4. Thermal im-

ages of tubes with two dif- oy -
ferent heights but the same Bt
glass tube diameter (58.6
mm) and the candle diame-
ter (2.5 cm). |
|
|
L36.1°C

a) 38 cm tube b) 43.5 em tube

The global temperature plot (Figure 5). The global temperature maximum, observed at
maXim‘{m’ observed at some height away from the flame rather than near it, is due to
some height away from the mixing of the hot burnt gases and the cold ambient air away

the flame rather than . .
near it, is due to the from the tube bottom. The global temperature maximum coin-
mixing of the hot burnt cides with the point of maximum gas temperature near the tube
fgases.and the cold surface, and the value and location is determined by the compli-
ambient air away from cated mixing process in the counter flow in the tube. The local

the tube bottom.

maximum occurrs near the candle flame due to the heat radiating
from it. The local maximum and the candle tip almost coincide.
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In the case where the flame oscillates, the position of surface tem-
perature maximum also changes with time (Figure 6). The pat-
tern of flame oscillation captured by the optical camera matches
with the temperature maxima oscillation of the outer wall of the
glass tube captured by the thermal camera. Note that the thick-
ness of the glass tube was 3 mm, and the time taken for heat to get
conducted through it would have been nearly 3—4 seconds, much

Dt 4

tHEL P

+ 34 FF
2 3 4 5
Time (min)

lower than the time period of oscillation of the flame.

Figure 5. Tube outer sur-
face temperature vs. height
from tube bottom during
steady state. Two maxima
are observed in surface tem-
perature — a local one near
the flame and a global one at
about 275 mm.

Figure 6. Variation of
the point of maximum tem-
perature with time (38 cm
tube height, tube diameter
58.6 mm and 2.5 cm di-
ameter candle). Note that
the variations in position of
the temperature maxima are
approximately equal to the

flame height.
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4. Conclusion

The behaviour of a candle flame, with the candle placed in a tube
open at the top and closed at the bottom, was studied with vary-
ing tube heights. The novelty of the current configuration is that
the air required for combustion can only enter the tube from the
top since the tube bottom is sealed. It was observed that when
the tube height was increased, the flame changed its behaviour
from fluttering to steady state burning, to oscillation, and finally
to it being extinguished rapidly. The downward flow of ambi-
ent air resulted in flame fluttering and the communication time
gap between the ejection of hot air and entrainment of cold am-
bient air resulted in flame oscillation. Shadowgraph revealed that
the flame released hot plumes which hit the glass wall at a cer-
tain height; where we recorded the maximum wall temperature.
The temperature distribution of the outer glass tube revealed two
temperature maxima — one global which was formed due to the
convection and mixing of hot burnt gases with ambient air, and
the other is the local maximum formed due to the heat radiating
from the flame.
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