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Abstract—The experimental results on heat transfer and pressure drop during the gas coolant
flow into a space formed by a dense packing of 7 heated tubes are presented. To fix the
tubes rigidly, 8 spacer grids, evenly distributed along the tube lengths, are used together with
longitudinal displacers, which ensure a uniform gas flow field in the internal and external
channels of the tube bundle. As a working fluid, gas mixtures with a large difference in
the Prandtl number were used: air (Pr = 0.7) and helium-xenon mixture (Pr = 0.23). The
experiments were carried out in the range of Reynolds numbers of 1926-11200. The wall
temperature distributions of the central and peripheral tubes along the length are measured in
detail. Particular attention is paid to the areas of gas flow restructuring near the spacer grid.
The heat transfer coefficients and friction factors are determined, and the obtained correlations
are compared with the known correlations for round channels. The effect of spacer grids, fixing
the heated tubes, on local and average heat transfer and friction factors has been analyzed.

DOI: 10.1134/51810232824020061

1. INTRODUCTION

Heat exchangers, made in the form of a bundle of closely spaced tubes with a coolant flowing
along them in-between the tubes, are widely used in chemical production, energy and many other
industries. Optimization of the design parameters of these devices, as well as the use of various
methods of heat transfer intensification, allow the achievement of economic efficiency of such devices.
A nuclear reactor, where the coolant moves in the intertubular space formed by a bundle of
cylindrical fuel elements, can be considered as one of applications of such heat exchangers. Nuclear
reactors, in which a gas or a mixture of gases is used as a coolant, have a number of advantages over
water reactors. These include the possibility of heating the coolant to high temperatures, which
increases the power plant efficiency as a whole, as well as the possibility of direct gas output to
the turbine in a closed Brayton cycle [1]. An important factor is that the used inert gases and
their mixtures are hardly activated in the active zone of the reactor, they are chemically neutral
and do not react with the plant materials. The papers [2—4| investigated the physical properties of
helium-xenon mixtures and showed the advantages of their use as a coolant in a compact nuclear
reactor designed, in particular, to solve various problems of space exploration. The optimal mass
concentration of helium in the mixture is from 5 to 10%, while the Prandtl number of the mixture
is close to 0.2, which is significantly (3.5 times) lower than that of air.

Features of the nuclear reaction in fuel elements dictate the need for the closest, that is, dense
arrangement of round pipes in the reactor volume. In this case, the resulting channels for the
flow of the coolant have a complex shape close to quasi-triangular channels. The study of heat
transfer during the flow of water and mercury in channels formed by a dense packing of heated rods
was carried out in [5-7], which showed the unevenness of temperatures along the channel perimeter.
Heat transfer and hydraulic characteristics during the flow of freon-12 in a 7-rod bundle with heated
tubes were studied in [8] experimentally and using numerical simulation. It is shown that turbulent
mixing in a dense bundle of rods is much stronger than previously thought.
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The main features of non-isothermal gas flow in channels of complex shape, as well as their
difference from traditional round channels, are shown in [9]. The study of heat transfer during
the gas coolant flow in channels of complex shape formed by closely spaced fuel elements is an
important task of choosing and maintaining the optimal temperature regime of a fuel element to
ensure safe operation of a nuclear reactor. A comparison of heat transfer in a steady flow of a
helium-xenon mixture with Prandtl number Pr = 0.23 and the air flow with Prandtl number Pr =
0.72 is considered in [10]. A numerical study of heat transfer during the flow of a helium-xenon
mixture with a low Prandt]l number in a tri-lobe channel and comparison of results with correlations
for round channels is given in [11]. An experimental study of the heat transfer characteristics of a
helium-xenon mixture in a round tube was carried out in [12|. Correlations of friction factors and
coeflicients of convective heat transfer were derived and recommended. Numerical modeling of heat
transfer in a small-sized reactor cooled with a He-Xe mixture, with a demonstration of temperature
fields, was carried out in [3]. The influence of the Prandtl number on heat transfer in the region
of laminar-turbulent transition in the initial section of the channel and near the quasi-triangular
channel outlet when the flow velocities are close to the velocity of sound was experimentally studied
in [9]. A high-velocity flow of air and a helium-xenon mixture in round and quasi-triangular heated
tubes of a small diameter was studied numerically and experimentally in [13, 14|. The effect of
gas compressibility on heat transfer at high flow velocity and significant flow cooling at the channel
outlet under the regime of supersonic gas outflow from the channel is noted. For a dense arrangement
of heat-releasing tubes in the reactor volume, in which the distance between the tubes is less than
1 mm, spacing or separating grids are used, installed with a certain step along the entire length of
the reactor. The spacer grids prevent changes in gaps between the rods, which can be caused by
thermal deformation, and keep the intertubular space for the coolant flow uniform. At the same
time, spacer grids represent local resistance to flow that change the structure of the flow. Regular
circular-ring inserts or turbulators placed in a heated round tube and changing the flow structure
and, as a result, intensifying heat transfer, are considered experimentally and numerically in [15,
16] for the air flow and in [17] for the flow of helium-xenon gas mixture. These works show that
ring inserts cause an increase in heat transfer from 1.5 to 3 times as compared to heat transfer in a
heated tube without inserts. This increases the pressure drop. Heat transfer during the air flow in
a rectangular channel with ribs of various shapes is numerically simulated in [18]. It is shown there
that the rib shape affects strongly the distribution of the heat transfer coefficient between the ribs.
The hydrodynamic features of the gas flow behind a step in characteristic regions of the separated
flow are studied in [19, 20]. The patterns of vortex formation behind a rib and the attachment line
coordinate are determined by visualizing the flow. It is shown that a highly turbulent oncoming
flow noticeably intensifies local heat transfer behind an obstacle, while the smaller obstacles are
more promising heat transfer intensifiers.

The purpose of this work was an experimental study of heat transfer during the flow of air and a
helium-xenon mixture of gases in a space formed by seven closely spaced heated tubes with spacer
grids uniformly distributed along the length of the tube bundle.

2. INVESTIGATION OF HEAT TRANSFER DURING A GAS FLOW
IN A 7-ROD BUNDLE OF HEATED TUBES

2.1. Experimental Equipment

A working section, whose scheme is shown in Fig. 1, was made to perform an experimental
study of heat transfer. The total length of the tube bundle is 1084 mm. The diameter of tubes
of the bundle is D = 12.85 mm. Wall thickness of all tubes § = 0.5 mm. Thin-walled nichrome
tubes made it possible to use electric current to heat the coolant. To supply electric current, brass
current-carrying inserts 4 mm wide were used, pressed at each end of the tube. On the gas inlet side,
the current-carrying inserts are recessed to a distance of 80 mm. Thus, an unheated initial section
80 mm long was formed to stabilize the flow in the tube bundle and a heated section 1004 mm long.
To reduce the current strength, all 7 tubes of the bundle are connected in a series circuit and the
input terminal is located at the end of the central tube, the output terminal is at the end of one
of the peripheral tubes, which made it possible to implement a constant heat flux from the heated
tube walls to the gas.

To obtain rigid fixation of tubes at an equidistant distance from each other, 8 spacer grids,
combined with couplings with longitudinal displacers made of heat-resistant UV-curable plastic by
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Fig. 2. Cross-section of the working area.

SLA 3D printing, are used. The grids of 10-mm width are located at distances of 0, 210, 354, 498,
642, 786, 930, and 1074 mm from the bundle beginning. The grid walls are 0.95 mm thick. The
grids together with displacers are made in such a way that the equivalent diameters of channels
between the heated tubes inside the bundle and diameters of the peripheral channels between the
heating tubes and the glass wall are equal. The equivalent diameters of various channels of the grid
(de1, de2) are also equal to each other. This allows the achievement of a uniform field of gas flow
rates in the inner and outer channels of the tube bundle.

The distance between the heated tubes was 1.9 mm. Hydraulic diameter of the intertubular
channel is dj, = 5.4 mm. The cross-section of the tube bundle in the grid zone is shown in Fig. 2.

A general view of a heated tube bundle with spacer grids and couplings with longitudinal
displacers is shown in Fig. 3. The construction was placed in a cylindrical housing with the
inlet and outlet chambers for gas input/output, where the inlet/outlet pressure and temperature
were measured. One end of the central heating tube and one end of a single peripheral tube
are open and extend beyond the inlet and outlet chambers, as it is shown in Fig. 1. The wall
temperature distribution along the heated tubes is measured through these open ends using movable
thermocouple probes.

The thermocouple probe is made of PTFE in the form of a partially cut cylinder fixed on a
tube 6 mm in diameter and move freely inside a heated nichrome tube with an inner diameter of
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Fig. 3. (a) General view of tube bundle with spacer grids, (b), (c¢) inlet and outlet ends of tube bundle
assembled with couplings and longitudinal displacers, respectively.
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11.85 mm. Four copper-constantan thermocouples (uncertainty of 0.2 K) with a bead diameter
of 90 pm, whose ends extend through the tube with a 6-mm diameter, are fixed at a distance of
2.5 mm from the cylinder end in the cut area. The spring, located in the cut area, securely presses
thermocouples against the inner wall of the heated tube. The location of thermocouples in relation
to adjacent heated tubes is shown in Fig. 2. Thermocouples 1c, 3c, 1p, and 3p are located in the
narrowest and thermocouples 2c, 4c, 2p, and 4p are in the widest channels of the tube bundle. The
thermocouple probe can be not only moved longitudinally over the entire length of the heated tube,
but also rotated to measure the wall temperature distribution along the tube circumference.

The working section is located in a closed gas circuit, where gas circulation is organized by an
R-Meko membrane compressor, Fig. 4. The gas temperatures at the inlet T;, and at the outlet T,
are measured with K-type insulated junction thermocouples (uncertainty of 0.4 K). The absolute
pressure in the gas at the inlet and outlet is measured with standard pressure gauges (rated accuracy
of 0.15% FS). The pressure drop between the inlet and the outlet is measured using a sapphire
pressure transducer (rated accuracy of 0.075% FS). The gas volume flow is measured using a RABO
(Elster) rotary gas meter (rated accuracy of 1.5% Rd). Air with a Prandtl number Pr = 0.71 and a
helium-xenon mixture with a helium mass concentration of 7.3% (Prandtl number Pr = 0.23) were
used as the working fluid.

2.2. Results and Discussion of Heat Transfer under Gas Flow
into the Heated 7-Rod Bundle

2.2.1. Temperature Measurements

Figure 5 shows the results of temperature measurements along the wall of the central (7,.) and
peripheral (7},) heated tubes of the bundle during the flow of helium-xenon mixture (a) and air (b)
for Reynolds numbers Re = 8240 and 8926, respectively. The Reynolds number is defined as Re =
Gdp/Ap. Here: G is the mass velocity of gas; A and dj are the cross-sectional area and hydraulic
diameter of the bundle channels, p is the gas dynamic viscosity. Measurements for Fig. 5 are drawn
with a step of 20 mm.

More details with a step of 5 mm in Fig. 6 show the results of measuring the temperature of the
wall of the central (7}) heated tube of the bundle during the flow of helium-xenon mixture (a) and
air (b) for Reynolds numbers Re = 5397 and 5257, respectively, between the separation grids in the
middle of the channel. The black solid line in Fig. 5 shows a change in the gas temperature from
the working section inlet to the outlet.

The gas temperature distribution along the length of the working section reflects the average
temperature value for all channels and is obtained by linear temperature interpolation from the
inlet (7;,) to the outlet (T,,:). Vertical dashed lines indicate the spacer grid positions in the
working section. The results of temperature measurements presented in Figs. 5 and 6 demonstrate
a periodic increase in the tube wall temperature when approaching the spacer grid and a decrease
in temperature behind the grid. With an increase in the gas flow rate, a change in the tube wall
temperature before the grid and behind it becomes more intense. With an increase in the gas flow
rate, there is a grow in the temperature change of the tube wall up to the grid and behind it. The
observed temperature behavior is explained by the following two circumstances. Firstly, the flow
area of the quasi-triangular channel of the spacer grid is 3.17 times smaller than the flow area of
the corresponding annular channel suitable for the grid. This leads to the fact that the gas flow
slows down in front of the grid wall (before the ledge) and accelerates when passing through the
cross section of the passage section within the spacer grid. The second circumstance is that the
grid wall 0.95 mm thick and 10 mm long, adjacent to the tube, is an obstacle to the gas flow and,
as in the case of gas flow in channels with transverse ribs [19-21], a vortex flow structure develops
behind the step in the recirculation region. The intensity of recirculation increases with increasing
flow velocity The size of the recirculation region or the location of the reattachment line, where
the wall temperature is minimal behind the grid and from which the formation of a new boundary
layer begins, as is known, weakly depends on the Reynolds number and amounts to 10-15 obstacle
heights, which is agreement with data in Fig. 6.

The presence of grids along the tubes leads to periodic destruction and growth of hydrodynamic
and thermal boundary layers, the ratio between the thicknesses of which is determined by the value
of the Prandtl number. The observed change in the wall temperature in the region of the grid during
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Fig. 5. Distribution of the wall temperature of the central and peripheral tubes and the temperature of gas

along the length of the 7-rod bundle for helium-xenon mixture (a) and air (b) at Reynolds numbers Re = 8240
and Re = 8926, respectively.

the flow of a helium-xenon mixture with the Prandtl number Pr = 0.23 (~ 1.5 K) and during the
air flow with the Prandtl number Pr = 0.71 (~ 3 K). This fact indicates a greater thermal inertia
of the helium-xenon coolant compared to air. The dynamic boundary layer, which collapses when
overcoming an obstacle, is sunk in the thermal boundary layer for this coolant, and, as a result,
has a lesser effect on the temperature field near the wall. For air, the destruction of the dynamic
boundary layer is accompanied by a similar destruction of the thermal boundary layer, and the
temperature field actually tracks the dynamics of the flow.

It can be noted that for air in the area of the grid location and the adjacent recirculation area, a
monotonous decrease in the temperature of the tube wall in the direction of flow is observed, that
is, an increase in local heat transfer, while when a vortex is formed in the recirculation area, the
heat transfer intensity should decrease and the wall temperature should increase. For a helium-
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Fig. 6. Distribution of the wall temperature of the central tube in the area between the separation grids for
helium-xenon mixture (a) and air (b) at Reynolds numbers Re = 5397 and Re = 5257, respectively.

xenon mixture, such a picture is not observed; the wall temperature decreases only near the flow
reattachment line after separation behind the step.

The previously noted strong connection between the thermal and dynamic boundary layers in
the air flow and, on the contrary, the weak connection in the helium-xenon mixture flow allows
us to explain the difference in the wall temperature distribution in this region. When the coolant
passes through the grid channel, which has a flow area that is more than 3 times smaller than the
cross-section of the inter-tube channel, the local flow velocity, respectively, increases, which leads
to an increase in local heat transfer in the area of the grid location and the air recirculation area.
Due to thermal inertia, local heat transfer in the helium-xenon mixture flow does not have time to
change significantly within the lattice rib, and changes only in the recirculation region.

The distribution of the wall temperature of the central and peripheral heated tubes shows that
the temperature of the wall of the central tube exceeds the temperature of the walls of the peripheral
tubes, increasing in the direction of the gas outlet from the working section. Near the outlet, this
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difference is 1-2 K at low Reynolds numbers, reaching values of 5-6 K at high Reynolds numbers,
i.e., it increases with increasing gas flow. This is due to the fact that the walls of the quasi-
triangular channels around the central tube give off heat from all three sides, while the peripheral
quasi-triangular channels and channels along the bounding unheated wall give off heat from both
sides. This leads to the fact that the temperature of the gas in the central channels rises more
than the temperature of the gas in the peripheral channels, and the temperature of the wall of the
central tube, respectively, is higher than the temperature of the walls of the peripheral tubes. The
distribution of the wall temperature along the circumference of the peripheral tube at the point
with the coordinate x = 747 mm for the flow of a helium-xenon coolant with the Reynolds number
Re — 5394 is shown in Fig. 7. In the initial position, thermocouple T, is located at the point
with the smallest distance from the central heated tube, and thermocouple T}3, respectively, at the
point of greatest distance from the central heated tube near the unheated wall. During further
measurements, the thermocouples moved along the circumference of the pipe with a step of 10°.
The temperature difference between opposite thermocouples reaches ~ 2 K, which is also observed
in Fig. 5. It should be noted that there is no significant difference in the temperature of the tube
wall in the narrow and wide parts of the gas channel (shift in the azimuth of the tube is 30°). This
is in good agreement with the results of [10], where it is shown that the thermal conductivity of even
a thin wall of a heated triangular channel leads to a smoothing of the wall temperature distribution
from the corner to the center of the channel.

2.2.2. Friction Factor under Gas Flow into 7-Rod Bundle

For processing experimental data, the friction factor is defined as:

AP 2d,
f= L pV2' (1)

Here AP is the pressure drop in the working section, L is the tube length in the working section,
p and V are the average values of density and average flow rate of gas between the inlet and
outlet, respectively. Dependence of the friction factor on the Reynolds number, obtained in the
experiments, is shown in Fig. 8 by round dots for the helium-xenon mixture and diamonds for
air. The dotted line shows the approximation of the experimental data. The black dashed line in
Fig. 8 shows the correlation of the friction factor given in [21] for a bundle of rods with a triangular
arrangement, in the form

JOURNAL OF ENGINEERING THERMOPHYSICS Vol. 33 No. 2 2024



EXPERIMENTAL INVESTIGATION OF THE HEAT TRANSFER 311

...............-& ...... R
_ o °o°'"%"0°'
: QP---.... f= 1 39/Rel23
© 0.1
Y
|
O
.-5 — — — — — — —-— —
LI_ — - — — - - i
f=k 0.3164/Re025 <& Air
O He-Xe
- = =bundle_(2)
0.01 I
L 10000 e

Fig. 8. Friction factor vs. Reynolds number.

f = k0.3164 Re %,
k=0.5740.18(s — 1) 4+ 0.53[1 — exp(—a)], (2)

a=0.58+4+92(s—1).

Here s = b/D, where b is the distance between the central axes of tubes in the bundle, D is the
outer diameter of the tubes.

The observed almost 5-fold increase in the friction factor in a 7-rod bundle of tubes with spacer
grids as compared to the correlation obtained for the rod bundle without grids is explained by the
presence of periodic local resistance associated with a sharp constriction of the flow when it passes
through the grid channels. These resistances lead to an increase in the pressure drop along the
length of the tubes, which, accordingly, leads to an increase in the friction factor.

As noted above and as shown in Fig. 6, behind the grid, the dynamic boundary layer is torn off and
a new boundary layer is formed from the reattachment line. The length of this initial hydrodynamic
section is commensurate with the distance between adjacent grids. This circumstance also leads to
an increase in the total pressure drop.

2.2.3. Heat Transfer Correlation for 7-Rod Bundle
The dimensionless heat transfer coefficient in the form of Nusselt number is defined as:

Nu = adp /. (3)

Here dj, is the hydraulic diameter of the 7-rod tube bundle, A is the thermal conductivity of the
coolant. The heat transfer coefficient « is defined as:

o= : (4)

Here @ is the heat released on tubes determined as @Q = U*I, where U is the voltage, I is the

strength of current, S is an open surface of the heated tubes. The average wall temperature T, is
defined as
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Here T'. ,, is the average temperature of the central tube wall, determined after linear approximation
of all four distributions of the wall temperature along the length in the middle of the tube heated
region with coordinate x = 565 mm, 7', ,, is the average temperature of the peripheral tube wall
determined in the same manner. The average wall temperatures of the central and peripheral
tubes are shown in Figs. 5 and 6 by thick and thin dashed lines, respectively. The average gas
temperature T'; is determined as the average gas temperature from the working section inlet to its
outlet Ty = (Tg.in + Ty out)/2.

Comparison of heat transfer to the flow of gases with different thermal conductivity should be
carried out using the dimensional heat transfer coefficients «. Figure 9 shows the dependences of the
heat transfer coefficient on the Reynolds number for the flow of helium-xenon coolant (diamonds)
and air (round dots). The thick and thin solid lines show the corresponding approximations of the
experimental data. With a decrease in the Reynolds number (Re < 5500), a transition of the flow
to a laminar regime is observed, at which the heat transfer coeflicient tends to a constant value.
In the region of turbulent flow at high Reynolds numbers (Re > 5500), the experimental data are
described by a dependence of the form

o = 1.08Re%703py04 (6)

during the flow of helium-xenon mixture and

o = 0.485Re"-082p04 (7)

during air flow.

For comparison, in Fig. 9, the thick (helium-xenon mixture) and thin (air) dashed lines show
the heat transfer coefficients calculated using the Dittus—Boelter correlation [22] obtained for a
stabilized turbulent gas flow in a round tube in the form
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A
a= dh0.023Re0'8Pr0'4. (8)

The dotted thick (helium-xenon mixture) and thin (air) lines show the heat transfer coefficients
calculated using the correlation obtained by the authors [15] when studying heat transfer during
air flow in a heated round tube with ring turbulators in the form

A
o= dh0.354Re0~697Pr0-4(dh,gK/dh)—0-555(ng [dy) 7O, (9)

Here dj, g, dj, are the hydraulic diameters of the grid flow channel and the 7-rod tube bundle, Iy, is
the distance between the grids.

An increase in the heat transfer coefficient in the 7-rod bundle by 1.4-1.6 times as compared
with a smooth round channel can be explained by the same reasons, which cause an increase in
heat transfer when air flows in a heated round tube with circular-ring turbulators noted in [15, 16].
Spacer grids, which provide fixation of heated tubes in a 7-rod assembly, like annular turbulators
in a tube, lead to a limited growth of the boundary layer due to its periodic destruction in the
separation zone behind the rib. And, as is known, the heat transfer in the initial section is much
higher than in the region of steady flow. Another reason for the increase in heat transfer is the
formation of vortex structures behind the grid, which was also noted in [16-19]. The similarity of
heat transfer intensification mechanisms in a 7-rod assembly with spacer grids and in a round tube
with annular turbulators is also indicated by close values of the exponent at the Reynolds number
in the obtained experimental correlations for the heat transfer coefficient. The absence of stabilized
flow regions caused by closely spaced spacer grids in the channels of the 7-rod assembly does not
allow the use of well-known correlations, Dittus—Boelter, Petukhov, etc., to predict heat transfer
and requires numerical simulation of the flow and heat transfer in such channels.

CONCLUSIONS

The heat transfer and hydraulic resistance during the flow of a helium-xenon mixture with a small
Prandtl number and air in the space formed by a 7-rod bundle of heated tubes was experimentally
studied. The influence of grids fixing heated tubes on the surface temperature distribution of both
central and peripheral tubes was analyzed. It is shown that there is a periodic increase in the
temperature of the tube wall when approaching the spacer grid and a decrease in the temperature
behind the grid. Periodic destruction and growth of hydrodynamic and thermal boundary layers,
as well as separation of the flow and formation of a vortex behind the spacer grid leads to the
intensification of heat transfer. The presence of periodic local resistances associated with a sharp
narrowing of the flow when it passes through the channels of the grids leads to an increase in the
pressure drop along the length of the tubes, which, accordingly, causes an increase in the friction
factor. The results of the work are of great importance for the design of power plants with a gas
coolant.

NOTATIONS

A-channel cross-sectional area (m?)
b—distance between the central axes of tubes
D—external diameter of tube (m)
d—diameter (m)

I—electric current (A)

G - mass flow rate (kg/s)

L—tube length (m)

Nu—Nusselt number

P—pressure (bar)

Pr—Prandtl number
QQ—heat load (W)
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Re—Reynolds number

S—inner surface of the heated tubes (m?)
T—temperature (°C)

U—electric voltage (V)

V—velocity (m/s)

xr—distance from the inlet (m)

Greek Symbols

a—heat transfer coefficient (W /m?K)
0—wall thickness of tube (m)
A—thermal conductivity (W/mk)
p—density (kg/m?)

p—dynamic viscosity (Pas)

Subscripts

c—central
e—equivalent
h—hydraulic
g—gas
gr—egrid
in—inlet
out—outlet
p—peripheral
w—tube wall
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