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CONVECTIVE HEAT EXCHANGE DURING FLOW AROUND THE HORIZONTAL CYLINDER WITH A HOT COMBUSTION GAS

STREAM DISTURBED BY PULSATIONS

KONWEKCYJNA WYMIANA CIEPEA PODCZAS OPLYWU WALCA ZABURZONYM PULSACYJNIE STRUMIENIEM SPALIN

The paper results of experimental research of convective heat transfer during flow of disturbance hot combustion gas
around the horizontal cylinder was presented. Measurements conducted at non-disturbance and pulsation disturbance flow of
combustion gas. The air stream supply to burner submit disturbance with frequency definite. Convective heat transfer process
determine by used special measuring cylinder with applicable additional instrumentations. Experimental tests were carried
out on a properly designed measurement cylinder furnished with a number of thermocouples embedded along the cylinder
perimeter. The cylinder was placed horizontally in a heating chamber equipped with an axially positioned gas burner fired with
natural gas. The measurement region was selected beyond he zone of the greatest non-uniformities of temperature and velocity
fields in the heating chamber cross-section, and the disturbances that occurred in this region were generated using a pulsator
positioned in the path of primary air feeding to the burner. The experimental tests were conducted in the temperature range
of flowing combustion gas from 250 to 750°C and with the introduction of pulsatory disturbances of a frequency in the range
from 14 to 74 Hz. Experimental tests performed with the undisturbed flow were taken as a baseline. The results obtained from
the experiment carried out enabled the calculation of the Nu number on the cylinder perimeter and represent it is a function
or the frequency of introduced pulsatory disturbances. The experimental tests carried out have shown an increase in the Nu
number at the inflow front in an angle of Oo and in the rear part in an angle of 180°, and a slight decrease at the wall boundary
layer detachment point in an angle from 90° to 110°.

Podczas prowadzenia prac nad konwekcyjng wymiang ciepla podczas optywu zaburzonym pulsacyjnie strumieniem ply-
nu zauwazono zdecydowany brak publikacji przedstawiajacych wyniki badai optywu zimnego walca goracym strumieniem
ptynu zaburzonego pulsacjami. Badania eksperymentalne wykonano na odpowiednio zaprojektowanym walcu pomiarowym,
wyposazonym w szereg termoelementéw zatopionych na obwodzie walca. Walec wykonano ze stali nierdzewnej o znanym
wspéiczynniku przewodzenia ciepta, ktéry chfodzono od wewnetrznej strony poprzez uktad chiodzenia wodnego. Walec umiesz-
czono poziomo w komorze grzewczej wyposazonej w umieszczony osiowo palnik gazowy opalany gazem ziemnym. Regulacje
doptywu gazu i powietrza wykonywano przy uzyciu zawor6w, opierajac si¢ o dane z analizatora spalin. Obszar pomiarowy
wybrano poza strefy najwigkszych nieréwnomiernosci pola temperatury i predkosci w przekroju poprzecznym komory grzew-
czej, a zaburzenia jakie w tym obszarze wystgpowaly generowano przy uzyciu pulsatora umieszczonego na drodze podawania
powietrza pierwotnego do palinka. Opracowano specjalny rodzaj generatora pulsacji, ktéry podczas podawania oscylacyjnego
powietrza do palnika nie powodowat zgaszenia pfomienia w komorze. Czestotliwos¢ pulsacji regulowano za pomocs falownika
tyrystorowego. Podczas prowadzenia badari eksperymentalnych w podwyzszonych temperaturach, giéwnym problemem stato sig
promieniowanie cieplne spalin i §cian komory, ktére uniemozliwiato prawidtowe wyznaczenie lokalnego wspGtczynnika wnika-
nia ciepla na obwodzie walca. Problem ten rozwigzano przez zastosowanie prézniowego przyrzadu do pomiaru strumienia ciepta
dostarczanego na drodze promieniowania. Odpowiednio zaprojektowana konstrukcja przyrzadu pozwalala na dobér glowicy
przyrzadu o identycznym wspéiczynniku emisyjnosci co pozwalato na jego pominiecie w dalszych obliczeniach. Zastosowanie
tego przyrzadu pozwolilo wyodrgbni¢ z catkowitego strumienia ciepta dostarczanego do powierzchni walca radiacyjny strumien
ciepta. Po zastosowaniu tego cyklu obliczeniowego uzyskano strumiefi ciepla dostarczany jedynie droga konwekcyjnej wymiany
ciepla.

Opracowana metodyka pozwalala na wyodrgbnienie konwekcyjnej wymiany ciepta niezaleZnie od temperatury przepty-
wajacego gazu i temperatury $cian komory grzewczej. Badania eksperymentalne prowadzono w zakresie temperatur przeply-
wajacych spalin 250+750°C oraz przy wprowadzaniu zaburzeri pulsacyjnych o czestotliwoéci z zakresu 14+74 Hz. Jako punkt
odniesienia traktowano badania eksperymentalne wykonane przy przeplywie niezaburzonym. Wyniki uzyskane podczas prowa-
dzonego eksperymentu pozwolily na obliczenie lokalnej liczby Nu na obwodzie walca i przedstawienie w funkgji czgstotliwosci
wprowadzanych zaburzeri pulsacyjnych, temperatury spalin oraz liczby Re.
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Wprowadzenie pulsacji w przeptyw spalin zapewnia ich wiasciwa cyrkulacjg, co zasadniczo polepsza warunki wymiany ciepta
oraz zwicksza $redni wspéiczynnik wnikania ciepta skracajac czas potrzebny do osiggnigcia wymaganej temperatury. Prze-
prowadzone badania eksperymentalne wykazaly wzrost liczby Nu od czofa naptywu w kacie 0° oraz w tylnej czgsci w kacie
180°, natomiast niewielki spadek w punkcie oderwania warstwy przy$ciennej w kacie 90+110°. Wyniki badani uzyskanych
podczas zaburzonego przeplywu odniesiono do wynikéw uzyskanych podczas stabilnego przeptywu spalin w komorze. W
celu zapoznania si¢ z zachowaniem warstwy przysciennej oraz rozkladem linii pradu przeplywajacych spalin przeprowadzono
symulacje numeryczne z wykorzystaniem programu FLUENT. Symulacje pozwolily na zaobserwowanie zjawiska narastania
warstwy przySciennej poczynajac od czota naptywu znajdujacego si¢ w kacie 0° do punktu w ktérym nastepuje jej oderwanie.
Tlumaczy to dlaczego nastgpuje wzrost liczby Nu w tylnej czesci walca. Badania eksperymentalne byly skomplikowane i
wymagaly opracowania indywidualnej metodyki i odpowiedniego oprzyrzadowania do pomiaréw w otoczeniu goracego ptynu.
Réznorodnosé technik pomiarowych stosowanych przy chiodzeniu grzanego walca nie mogla by¢ wykorzystana w ekspe-
rymencie gdzie walec nagrzewano strumieniem gorgcych spalin, poniewaz wysoka temperatura wykluczata mozliwos¢ ich
zastosowania. Prowadzone s3 dalsze prace nad rozszerzeniem zakresu omawianych wynik6w badari co pozwoli na szersze

rozpoznanie si¢ z przedstawionym zjawiskiem.

1. Introduction

The interest in convective heat exchange can be as-
sumed to have its beginnings in the year 1790. At that
particular time, a note by Joseph Black appeared in the
“The General Effects of Heat” review, which expressed
interest in heat exchange caused by the motion of flu-
id. Nearly a hundred years had passed since the time of
publication of that note before the first publications came
out, which started to describe the physical phenomena
occurring during the flow of a stream of fluid in the
vicinity of a solid body. Later on, it was noted that the
existence of a laminar boundary layer played a key role
in heat exchange. The character of the occurring flow
phenomena indicates that the value of the convective
heat-transfer coefficient depends mainly on the thickness
of a laminar film (the Prandtl film) that provides the
highest resistance to heat conduction. The thickness of
this film may vary, depending on numerous variables,
including: surface and fluid temperatures, velocity, fluid
density and viscosity, as well as the thermal conductivity,
surface roughness and shape. The mathematical descrip-
tion of the laminar boundary layer was undertaken by
Ludwig Prandtl in 1904. Shortly after Prandtl’s discov-
ery of the laminar boundary layer, Ernst Kraft Wilhelm
Nusselt found the existence of a thermal boundary layer,
different from the laminar boundary layer forming during
fluid flow [1,2]. The thermal boundary layer forms in the
case of a temperature difference occurring between the
solid surface and the fluid. These two breakthrough dis-
coveries initiated the development of a new chapter in the
field of heat exchange. A number of studies concerned
primarily natural convection [3,4,5], and then investiga-
tions were started, which were aimed at understanding
the phenomena occurring during the forced flow of fluid
around solid bodies [6,7,8]. The investigations were con-
ducted in many aspects, considering different forms of
flow-around, and a great diversity of research method-
ologies were applied. However, this did not bring about

any significant results regarding the improvement in heat
exchange conditions, therefore an attempt was made to
use the forced introduction of oscillations into the gas
flow [9,10,11].

When starting to conduct work on convective heat
exchange during flow-around with a pulsatorily disturbed
fluid stream, a conspicuous absence of publications was
noted, which would present results of any studies on
the flow around a cold cylinder by a hot fluid stream
disturbed by pulsations.

2. The experimental stand

The experimental stand consists of three main ele-
ments of equipment. The first element, which is intended
to maintain the appropriate thermal and flow conditions,
is a ceramic heating chamber (Fig. 1). The heating up
of the chamber is accomplished by means of combus-
tion of a mixture of natural gas with air in a centrally
positioned burner. Off-gas forming in combustion flows
through the heating chamber into the flue, from which
it is discharged outside [12,13]. The volume flux of flue
gas flowing within the chamber is regulated by the ap-
propriate feeding of gas and combustion air to the burner.

materi® zolacyiny spatiny
B

Fig. 1. The scheme of heating chamber

The second element of experimental stand equip-
ment is a measurement cylinder positioned in the lateral
axis of the heating chamber, flushed with flowing flue



gas. The measurement cylinder is the main device for
the determination of the local and average convective
heat-transfer coefficient. The cylinder is made of the
2H13 stainless steel containing 13% Cr. Eleven longi-
tudinal channels are made on the outer cylinder surface
(Fig. 2) enabling the installation of NiCr-NiAl thermo-
couples that are covered with special metallic material
having the properties of metal, and in particular holding
a thermal conductivity similar to that of the cylinder
material.

The cylinder body was subjected to strength tests
under high pressure, and was also exposed to high tem-
peratures.

Fig. 2. The measurement points distribution
A set of tubes was inserted in the body interior to
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enable the cooling of the inner side of the cylinder with
water of a strictly defined volume flux (Fig. 3).

The cooling system was made of copper tubes intercon-
nected and partially thermally insulated. This prevents
the cooling medium put into circulation from being ex-
cessively heated up by the medium discharged to the
outside after being heated. The provision of a constant
inner cylinder wall temperature at the point where the
temperature measurement takes place assures the cor-
rectness of measurements being taken.

The set of tubes of the measurement cylinder inner
wall cooling system provides a specific flow of the cool-
ing medium, whose cold flux is delivered to a location
situated in the centre of the measurement area passing
through the longitudinal axis of the testing chamber. The
flowing cooling medium forces the flow of heat to the
cylinder centre, while the thermocouples situated in the
measurement area measure the temperature at specific
points.

&

Fig. 3. The scheme of measurement cylinder with flow of cooling medium

The third element of the measuring equipment was
an instrument for measuring the flux of heat supplied by
thermal radiation. The experiment aimed at determin-
ing the convective heat flux, and thus the surface film
conductance, is very difficult to carry out, in particular
at an elevated temperature of the medium. In the case
of cooling the cylinder with air at low temperature, the
radiation of the walls and flue gas can be omitted.

The heating-up problems are much more difficult to
examine due to the fact that the heat flux supplied to
the surface is composed of the heat flux delivered with
flue gas and wall radiation and the heat delivered by
convection during the flushing of the cylinder with the
hot flue gas flux. In order to determine the amount of
energy supplied to the measurement cylinder solely by
convection, the amount of energy supplied by radiation
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needed to be established. For this purpose, an instru-
ment shown in Fig. 4 was used. This instrument makes
it possible to measure the heat flux delivered solely by
radiation and absorbed by a small area of the instrument
head.

Fig. 4. The instrument to measure the heat flux by radiation

The head of the radiation measuring instrument is
made of the material identical to that of the cylinder,
therefore it is not necessary to know the emissivity of
either the sensor head surface or the cylinder surface.
The instrument head has strictly defined dimensions. It
is mounted in a casing protecting against the contact
with the body material, and, from the front side, it is
covered with an eyepiece made of glass resistant to sud-
den changes in temperature. Additionally, an electronic
system is provided, which processes thermal electromo-
tive force impulses delivered from the sensor’s sensing
elements into an amplified and converted voltage signal.
This signal is transmitted through the serial port and
recorded at a specified frequency on a computer.

A deep negative pressure prevails in the instrument
body, which simulates the vacuum, thus eliminating the
convection heat exchange. Only radiation participates in
heat transfer.

The knowledge of the flux of heat supplied by radia-
tion enabled the calculation of the density of the heat flux
supplied by convection by subtracting this value from
the value of the density of the overall heat flux that is
measured by the cylinder equipment. This can be written
with a simple equation, as follows:

Gkon = 9Gca — qprom

3. The experimental research

The heating chamber used in the experiment enabled
the laboratory-scale simulation of conditions similar to
those prevailing in industrial heating installations.

Before proceeding with measurements, the heating
chamber was properly prepared by installing the mea-
surement cylinder and measuring instruments, namely
thermocouples, a radiation flux measuring instrument

and an analyzer probe. Then, the gas burner was ignit-
ed. The amounts of air and gas supplied were controlled
using rotameters. The temperature of flue gas flowing
in before the cylinder was measured with an aspiration
thermocouple.

The air flux was supplied from a fan through the pul-
sation generator system, where the pulsatory disturbing
of the flow up to the frequency required in the experi-
ment took place.

A schematic diagram of the measuring system for
the determination of the convective heat-transfer coeffi-
cient on the cylinder surface (10) is shown in Fig. 5. The
measurement methodology, as has already been men-
tioned, doubling measurements system was based. The
checking measurement relied on the thermal energy bal-
ance. The principal measurement, on the other hand, was
a measurement of temperatures on the inner and outer
cylinder surfaces using a set of thermoelements (7). In
the checking measurements, a cooling water stream (5)
was supplied to the measurement cylinder, while mea-
suring its quantity using a flow counter (2), and a tem-
perature sensor installed (3) enabled a continuous mea-
surement of water temperature at the entry to the mea-
suring instrument. The cooling water allowed the inner
side of the cylinder body to be cooled down and the
temperature to be kept at a constant level. After flowing
through the set of tubes, cooling medium left the measur-
ing cylinders, and its temperature was measured by the
temperature sensor located at the exit (4). By knowing
the cooling medium temperature at the entry and the exit,
as well as the volume flux that flowed through the mea-
surement cylinder, it was possible to obtain the amount
of supplied energy using the thermal energy counter (1).
The thermal energy counter (1), through the integrated
microprocessor, enabled the continuous computation of
the amount of thermal energy supplied with the water,
with the results being given as the mean value averaged
for 3 minutes’ time interval.

Simultaneously with conducting the thermal energy
balance, the cylinder surface temperature was measured
at eleven measurement points on the cylinder perimeter,
using jacket-type thermocouples (7), which was treated
as the main measurement. The value of the thermal elec-
tromotive force from the thermocouples was transmitted
to the measuring card (8), thus providing the recording
and archiving of the data on the computer at a frequen-
cy of approx. 200 Hz per channel (9). The measure-
ment of the inner cylinder surface was taken using two
jacket-type NiCr-NiAl thermocouples. Additionally, an
aspiration thermocouple was placed in the heating cham-
ber, which was intended for measuring flue gas temper-
ature.



Primary measurement

Fig. 5. The scheme of measurement and connective system

The principal aim of the experimental tests was to
determine the effect of the frequency of pulsatory distur-
bance introduced on the value of the surface film con-
ductance. In addition, tests were carried out to determine
the effect of other parameters on the convective heat
exchange, e.g. flue gas flow velocity, which is associ-
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ated with the value of the Re number and the flue gas
temperature in the vicinity of the measurement cylinder
[14,15,16].

The determination of the effect of pulsation frequen-
cy in the range of 14+74 Hz on the change of the lo-
cal Nu number was conducted at three different average
flue gas velocities in the chamber, amounting to, suc-
cessively: 0.5 m/s, 0.6 m/s and 0.7 m/s for the flue gas
temperature range of 250+750°C.

The distribution of the Nu number as a function of
the flue gas inlet angle and velocity is illustrated in Fig.
6. The results worked out indicate that the value of the
Nu number strongly depends on the velocity of flowing
flue gas. The increase in flue gas velocity from 0.5 to
0.7 m/s at some points on the cylinder perimeter caused
an increase in the Nu number value by as much as 50%.
An increase in the Nu number was also observed after
the introduction of pulsatory disturbance to the flue gas
at a specific frequency.
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Fig. 6. The distribution of the Nu number as a function of the combustion gas inlet angle ¢ and velocity w. Combustion gas temperature

550°C

Heat exchange by convection is also dependent on
the parameters of gas flowing and flushing an object
under examination. The tests carried out have shown

that the value of the local Nu number is dependent on
the flushing flue gas temperature, decreasing with its
increase (Fig. 7).
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Nu

Fig. 7. The distribution of the Nu number as a function of the combustion gas temperature. Combustion gas velocity 0,6 m/s

The increase in flue gas temperature in the real con-
ditions, under which the tests were carried out, resulted
in a more rapid heating-up of the cylinder surface, but
this was not solely due to convection, but also owing
to the increasing share of heat radiation. To this end,
correcting computations were carried out, which were
aimed at isolating the heat flux delivered by convection
from the overall heat flux supplied to the cylinder sur-
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Fig. 8. The dependence radiation and convection heat flux

4. Conclusions

— The introduction of pulsatory disturbance at a spe-
cific frequency has an effect of increasing the value
of the surface film conductance of the cylinder sur-
face. The best results of increasing the convective
heat exchange by 27% were obtained by applying a
pulsation frequency of approx. 50 Hz.

— The temperature of flue gas flowing around the cylin-
der has an influence on the value of the average Nu
number. The increase in the temperature results in a
reduction of the Nu number value.

— The velocity of flowing flue gas in a specific tem-
perature range has an influence on heat exchange by
convection. Increasing the value of the Re number
results in an increase in the local and average Nu
number.

face. The computations were made based on the knowl-
edge the overall heat flux delivered to the cylinder. From
these data, the percentage share of radiation in the overall
heat flux was computed, which was reduced in the com-
putation by the value of the local surface film conduc-
tance. The value of the overall heat flux with the isolated
heat flux delivered by radiation is shown in Fig. 8.
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— The pulsatory disturbance introduced to the flow
caused a local reduction in the surface film con-
ductance at the point of detachment of the laminar
boundary layer. The lowest value of the surface film
conductance at the point of detachment, as compared
to the undisturbed flow, was noted for introduced dis-
turbance of a frequency of 74 Hz.
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