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Introduction 
The interest in convective heat exchange can be assumed 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 fluid. 
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 chiefly 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 description 
of the laminar boundary layer was undertaken by Ludwig Prandtl in 1904. Shortly after 
Prandtl’s discovery 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 
discoveries initiated the development of a new chapter in the field of heat exchange. A 
number of studies concerned primarily natural convection, and then investigations were 
started, which were aimed at understanding the phenomena occurring during the forced flow 
of fluid around solid bodies.  The investigations were conducted in many aspects, considering 
different forms of flow-around, and a great diversity of research methodologies 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 fluid.  
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. 
 
The experimental stand 
The experimental stand consists of three main elements 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 
combustion 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 [3,4]. The volume flux of flue gas flowing within the chamber is regulated 
by the appropriate feeding of gas and combustion air to the burner.  
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Fig. 1. The scheme of heating chamber.  
 
The second element of experimental stand equipment 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 longitudinal channels are made on the outer cylinder surface (Fig. 2) enabling the 

installation of NiCr-NiAl 
thermocouples 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 
temperatures.  
A set of tubes was inserted in the 
body interior to 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 interconnected 
and partially thermally insulated. This 
prevents the cooling medium put into 

circulation from being excessively 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 correctness of measurements being 
taken. The set of tubes of the measurement cylinder inner wall cooling system provides a 
specific flow of the cooling 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. 
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Fig. 2. The measurement points distribution. 

 



 
 
 
 
 
 
 
 
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 determining 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 needed to be 
established. For this purpose, an instrument was used, as shown in Fig. 4. 

This instrument makes it possible to 
measure the heat flux delivered solely 
by radiation and absorbed by a small 
area of the instrument head. 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 sudden changes in temperature. Additionally, an electronic system is 
provided, which processes thermal electromotive 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. 

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

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 radiation 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: 
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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 measurement cylinder and measuring instruments, namely thermocouples, a 
radiation flux measuring instrument and an analyzer probe. Then, the gas burner was ignited. 
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 pulsation generator system, where the 
pulsatory disturbing of the flow up to the frequency required in the experiment took place. 
A schematic diagram of the measuring system for the determination of the convective heat-
transfer coefficient on the cylinder surface is shown in Fig. 5. The measurement methodology, 
as has already been mentioned, was based on taking doubling measurements. The checking 
measurement relied on the thermal energy balance. The principal measurement, on the other 
hand, was a measurement of temperatures on the inner and outer cylinder surfaces using a set 
of thermoelements. In the checking measurements, a cooling water stream (5) was supplied to 
the measurement cylinder, while measuring its quantity using a flow counter (2), and a 
temperature sensor installed (3) enabled a continuous measurement of water temperature at 
the entry to the measuring 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 measuring 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 measurement 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, which was treated as the main measurement. The value of the thermal 
electromotive 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 frequency of approx. 

200 Hz per channel (9). The 
measurement of the inner cylinder 
surface was taken using two 
jacket-type NiCr-NiAl 
thermocouples. Additionally, an 
aspiration thermocouple was 
placed in the heating chamber, 
which was intended for measuring 
flue gas temperature. 

Primary measurement 

Verification 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 disturbance introduced on the value of the surface film conductance. 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 associated with the value of the Re number 
and the flue gas temperature in the vicinity of the measurement cylinder [5,6,7]. 
 The determination of the effect of pulsation frequency in the range of 14÷74 Hz on the 
change of the local Nu number was conducted at three different average flue gas velocities in 
the chamber, amounting to, successively: 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 φ and 
velocity. 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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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 conditions, 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 surface. The computations were 
made based on the knowledge 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 computation by the value of the local surface film conductance. The value of the overall 
heat flux with the isolated heat flux delivered by radiation is shown in Fig. 8. 
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Fig. 8. The dependence radiation and convection heat flux. 
 

Conclusions 
- The introduction of pulsatory disturbance at a specific frequency has an effect of increasing 
the value of the surface film conductance of the cylinder surface. 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 cylinder 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 temperature 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. 
- The pulsatory disturbance introduced to the flow caused a local reduction in the surface film 
conductance 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 disturbance of a frequency of 74 Hz. 
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