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ABSTRACT 
 

In this paper experimental investigations on heat transfer and hydrodynamics in various gas-
cooled channels over wide ranges of geometrical and performance parameters performed at 
Lithuanian Energy Institute are presented. Overview introduces long-term experience on 
investigations of local and average heat transfer, hydraulic drag in various types of sphere 
packings, in smooth, helical tubes and annular channels equipped with smooth/rough or helical 
inner lubes, such bundle of twisted tubes, as well as turbulent flow structure and the effects of 
variable physical properties of gas heat carriers on local heat transfer in channels of different 
cross sections. Lithuanian Energy Institute has accumulated long term experience in the field of 
heat transfer investigations and has good experimental basis for providing such studies and 
following analytical analysis. 

 
1. Introduction  
 
Engineering progress in the conversion of thermal or chemical energy into other forms involves searching 
for new methods of conducting these processes at higher temperatures, which allows for improvement of 
the efficiency of thermodynamic or thermochemical systems. In the majority of cases, the working fluids 
or coolants in such systems are gaseous, and exchange of thermal energy between them occurs through a 
solid wall. To be able to manufacture equipment with acceptable weight, size, and performance, one must 
significantly augment the heat-transfer processes, which is attained by producing large temperature 
differentials and also by various other methods of intentional enhancement of heat transfer: the packed 
beds of spheres, use of artificial roughness, turbulization or swirling of the flow, reducing the thickness of 
boundary layers or increasing the velocity gradient in them, etc. A great deal of attention has been paid to 
the enhancement of heat transfer in equipment such as gas-cooled nuclear reactors under power-plant 
conditions. 
Lithuanian Energy Institute (LEI) has accumulated long-term experience on heat transfer, friction and 
flow structure investigations in packed beds of spheres and variously shaped gas-cooled channels. LEI 
activities cover experimental and computational works on the effects of variable physical properties of gas 
heat carriers, on local heat transfer and hydraulic drag in channels of different cross sections, on turbulent 
flow structure, and on the heat transfer mechanism in the stabilized heat transfer region in a tube. 
 
2. Gas-cooled packings of spheres 
 
In the nuclear reactors spheres could be used as fuel, while cylinders – as control rods. Sphere packings 
strongly agitate the flow passing through them. Therefore, interest in heat transfer from spheres in 
packings and fillings of various kinds is understandable. The flow turbulence affects not only the spheres 
per se but also the surfaces adjacent to them. The heat transfer from the spheres and from a cylinder as 
well as hydraulic drag and flow mixing factors are investigated in air flow at LEI. The local heat transfer 
at various positions of cylinders length and perimeter as well as the effect of the sphere packings on the 
cylinder heat transfer were evaluated.  



Various types of packings from the spheres are considered in performed experiments. One kind of them is 
regular rhombic or random packing, which is arranged between axial streamlined cylinders [1]. The 
rhombic packing was oriented so that spheres along cylinder were arranged in columns, with clearances 
that have periodically-varying cross sections running in the vertical direction between them. Near the 
cylinder surface, the clearances formed by larger flow sections were filled with displacers (Fig. 3). In the 
case of a random filling of the spheres, there were no displacers. Heat transfer from the cylinder immersed 
in a random filling of spheres was investigated on two different experimental sections. In the first case, the 
cylinder under consideration made up an element of a longitudinally streamlined bundle with cylinders 
arranged in a triangular array with the spacing s/dcil=1.63. In the second case, the experimental section 
represented an annulus filled with spheres and containing the investigated inner cylinder. The annulus of 
outside to inner diameter ratio was 2.84. In all cases considered, both with a regular packing of the spheres 
and with their random filling, the cylinder-to-sphere diameter ratio was dcil/d=4.29, the height of 
assemblies was H/d=36, and the porosity - 0.42.  
Heat transfer from the cylinder was studied under the second-kind of boundary conditions (qw=const) in 
air flow with Re = (0.3 to 12)·103, determined from the sphere diameter and filtration rate (velocity of the 
incoming flow in front of the sphere packing). Both local and perimeter-average heat transfer coefficients 
from the cylinder vs. Re and the length of the heated part of the cylinder immersed in the sphere packing 
were determined. Because the cylinder heat transfer stratifies streamwise, a relative length of the heated 
part of the cylinder immersed in a sphere packing is incorporated in the relation for heat transfer. The 
following relations were obtained for the perimeter-average heat transfer coefficients from the cylinder in 
a bundle with an intercylinder space filled with packings of spheres [1]:  

Nu = 0.0584·Re 0.89(x/d) -0.1 – in the case of regular (rhombic) sphere packing, and 
Nu = 0.096·Re 0.83(x/d) -0.07 in the case of random sphere packing. 

In the case with the annulus, the cylinder heat transfer is a little higher, and its dependence on Re and on 
the cylinder height is more noticeable:  

Nu = 0.094·Re 0.88(x/d) -0.16. 
Given relations describe the experimental 
data with a ±(3 to 4)% standard deviation. 
It should be pointed out that our data are 
consistent with the results of other authors 
[2] dealing with the average heat transfer 
from a cylinder surrounded by a random 
filling of spheres (Fig.1). This indicates that 
in LEI experiments there was no effect of 
the bundle cylinders or of the outer tube of 
the annulus on the heat transfer from the 
cylinder considered. As evident from the 
results of the investigations, the heat transfer 
from the cylinder with a random packing of 
spheres is higher than that with a regular 
packing. Importantly, this is not related to 
the increase of the assembly hydraulic drag. 
Also it was determined that heat transfer 
from a tube immersion in a sphere packing 
increases by more than a factor of five by 
comparing the obtained data with heat 
transfer in circular tubes [3] (Fig. 1). 
Heat transfer from the spheres was studied 
under the boundary condition Tw=const. 
This condition was assured by the 
construction of the spheres-heaters (Fig. 2). 
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Fig. 1. Heat transfer in various types of sphere packings
(x/d=15) 
1 - inner cylinder of the annular filled with random
packing of a spheres; 2 - cylinder in a bundle with an
intercylinder space filled with random packing of a
spheres; 3 - cylinder in a rhombic packing of spheres; 4 -
cylinder in a sphere filling [2]; 5 - circular tube with no
spheres [3] 



The spheres-heaters were made from the cooper with high 
thermal conductivity. The temperature was measured in 3 or 
4 points on the sphere surface.  
The investigations are performed by the local modeling, 
which allows to obtain the heat transfer characteristics in 
different places of the packing. The influence of heat transfer 
by the conductivity, radiation, and natural convection was 
minimized in the performed experiments. In order to 
minimize the heat losses by the conductivity the ebonite or 
plastic spheres with low conductivity were placed around the 
spheres-heaters. The isolating plugs were embedded in the 
walls of the experimental sections at the contact points with 
spheres-heaters. The heat transfer by the radiation was less 
than 1 % due to low temperatures on the spheres-heaters 
surfaces (less than 330 K). The heat transfer by the natural 
convection was neglected due to the high Re values.  
The investigations of the heat transfer from the spheres in 
the case of random packing were performed at the same 
experimental section as heat transfer from the cylinder in a 
bundle described above. The heat transfer from the spheres 
was investigated in two cross sections of random pacing H/d=10 and 25. The four spheres-heaters were 
located in each cross section. The positions for the spheres-heaters were selected so that to find the 
maximal differences in the heat transfer from the spheres. Despite of this, the differences in the heat 
transfer from the spheres were not large, and the following relation summarizes the experimental data for 
all 8 locations with the standard deviation of 6 %: 

Nu = 0.89·Re 0.63. 
The additional experimental section was designed for the 
heat transfer from spheres investigations in the rhombic 
packing. The cross section of this experimental section is 
presented schematically in the left hand top corner of the 
Fig. 4. Two kinds of the experimental sections were 
investigated – with displacers (see right hand side of the 
cross section) and without them. The displacers were used in 
order to avoid the free channels that are formed at the 
cylindrical surfaces (see left hand side of the cross section). 
The heat transfer from the spheres was investigated in the 
different locations of the packing (pos. 1-4). The positions 
for the spheres-heaters were selected so, that they cover all 
typical locations in the cross section. The investigations of 
the heat transfer were performed in two layers streamwise – 
in the 2nd and 6th layers of spheres pacing.  
The experimental results demonstrated that the displacers 
improve the heat transfer on 20-40% (Fig. 4). The 
differences in the heat transfer of spheres in different places 
of the packing with displacers are less than in the packing 
without displacers. This allows to summarize the heat 
transfer from spheres results for all rhombic packing with 
displacers by one relation Nu = 0.6·Re 0.7. 
Beside the investigations of heat transfer from the cylinder and from the spheres, the experimental 
investigations of the hydraulic drag and for all kinds of the packings described above were performed. The 
fluid mixing was investigated in the regular rhombic and random packings of spheres, which are arranged 
between axial streamlined cylinders [4]. Additionally, the experimental investigations were conducted for 

 
 
Fig. 2. Construction of the sphere-heater 
1 – sphere cover; 2 – sphere body;
3 – heater coil; 4 – windings of coils;
5 – wires; 6 – point of temperature
measurement

 
 

Fig. 3. Experimental section for heat
transfer investigation from the spheres 
1 – cylinder calorimeter; 2 – sphere;
3 – displacer; 4 – point of temperature
measurement; 5 – bundle of cylinders 



packings of spheres placed in thin annular slots. The 
equations for porosity, hydraulic drag and heat 
transfer from spheres were derived from the 
experimental results [5].  
 
3. Smooth and rough channels 
 
Studies of heat transfer and hydrodynamics in 
variously shaped gas-cooled channels have been 
ongoing in LEI for a long time now. Initial attention 
was focused on the effect of variability of physical 
properties in the boundary layer on heat transfer and 
drag in flow over smooth and rough surfaces. High-
temperature systems with gaseous working fluids 
operate as a rule at high-temperature differences. 
At LEI was accumulated a great deal of experience in 
investigating the heat transfer and friction of a 
smooth cylinder in axial flow placed in a large-
diameter circular pipe. It was decided that the 
accumulated data be employed for detailed 
investigation of heat transfer, friction, velocity, and 
temperature distributions in the highly non-
isothermal boundary layer that forms on smooth and 
rough cylinders in axial flow, and that a single 
procedure be employed for determining the effect of 
different factors on heat transfer. Such studies allow more comprehensive investigation of the inlet regions 
of annular ducts, which is particularly important for improving the designs of various heat exchangers 
with short flow passages. The analysis of velocity and temperature distribution in the boundary layer that 
forms on the initial zone of a smooth annular duct, and of the effect of the variability of physical 
properties and surface curvature on heat transfer and friction was done [6, 7, 8].  
The production of artificial roughness is one of the effective methods for the enhancement of convective 
heat transfer, particularly at high heat loads, since the roughness elements turbulize the wall layer in which 
the bulk of the thermal resistance is concentrated. However subsequent studies centered on investigating 
the specifics of enhancement of heat transfer on rough surfaces and in rough channels at high-temperature 
gradients in the boundary layer was the subject matter of a large number of experimental and a number of 
analytic studies performed at LEI [6, 8, 9].  
 
4. Complex-geometry channels bundle  
 
Heat-transfer systems of circular elements of different diameter in axial flow and annular channels are 
extensively employed. Basically these are densely packed bundles of twisted tubes of nuclear reactors, 
blankets of thermonuclear reactors, cooling channels of various industrial devices, etc. Such heat 
exchangers have a number of advantages which manifest themselves differently depending on the given 
operating conditions. The undisputed advantage of compact bundles consists of their resistance to 
vibrations and their significantly more intensive mixing of the working fluid between the channels than 
occurs in bundles of straight tubes in longitudinal flow.  
Early stage LEI investigations cover the experimental and theoretical study of the heat transfer inside an 
oval helical tube [10], study of the unsteady process of heat carrier in a helical tube bundle when heat 
carrier flow-rate is increased/decreased [11]. The following comprehensive studies of heat transfer, 
hydraulic drag, and turbulent structure of longitudinal flow over bundles in annular channels with a 
helically shaped inside pipe with different helix pitches and different cross-sectional shapes are 
summarized in [6]. A great deal of attention is given to investigating the local characteristics over the 

Fig. 4.  Heat transfer from the spheres 
Black/white points – with/without displacer 



perimeter and length of the tubes, clarifying the factors responsible for the observed specifics of flow over 
these surfaces, and making practical recommendations for their utilization. A physically validated model 
of flow in bundles of twisted tubes was developed. 
The latest our experiments in bundles of twisted tubes were performed over a wide range of Re (3·102 to 
2·105), twisting pitches (s/d0=6.2-25) and cross-sectional shapes (two-, three- and four lobes) [8]. The bulk 
of the experiments for investigating the effect of parameters such as the twisting pitch, cross-sectional 
shape of the twisted tube, relative bundle length, variable physical properties of the gaseous working fluid, 
and Re, were performed with a 19-, 37- and 151-tube sections. After comprehensive analytic and 
experimental studies generalized predictive equations suitable for practical use were proposed. 
 
5. Conclusions 
 
On the basis of durable experimental results for heat transfer, hydrodynamics and flow structure obtained 
for various gas-cooled types of sphere packings, as well as for smooth, helical tubes and annular channels 
equipped with smooth/rough or helical inner lubes, such bundle of twisted tubes, were clarified specifics 
of the manifestation of the effect of the variability of physical properties on transport processes in each 
specific case, to find the physical causes for the differences observed as compared with smooth or straight 
channels, and to obtain sufficiently general relationships for practical calculations. Conditions were 
determined at which the enhancement of the heat transfer at high-temperature differences are more 
significant than those at small differences. It shows that Lithuanian Energy Institute has accumulated long 
term experience in the field of heat transfer investigations and has good experimental basis for providing 
such studies and following analytical analysis. 
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