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ABSTRACT

Heat transfer by mixed convection in a rod bundle occurs when convection is affected by both
the buoyancy and inertial forces. Mixed convection can be assumed when the Richardson
number (ܴ݅ ൌ ݎܩȀܴ݁ ଶ ) is on the order of unity, indicating that both forced and natural
convection are important contributors to heat transfer. In the present study, data obtained from
the Rod Bundle Heat Transfer (RBHT) facility was used to determine the heat transfer
coefficient in the mixed convection regime, which was found to be significantly larger than those
expected assuming forced convection based on the inlet flow rate. The inlet Reynolds (ܴ݁)
number in the tests ranged from 500 to 1300 while the Grashof ( )ݎܩnumber varied from 1.5x105
to 3.8x106 yielding 0.25 < ܴ݅ < 4.3. Using results from RBHT test along with the correlation
from the FLECHT-SEASET test program for laminar forced convection, a new correlation for
mixed convection in a rod bundle is proposed. The new correlation accounts for the
enhancement of heat transfer relative to laminar forced convection.
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1. INTRODUCTION
In a hypothetical loss of coolant accident following the quenching of the bundle, the heat transfer regime
can be mixed convection in the lower portion of the reactor core. For long-term cooling of the reactor
core, mixed convection would be the prevailing mode of heat transfer. It should be noted that the new
generation of small modular reactors with passive safety cooling systems highly depend on mixed
convection heat transfer. In addition to nuclear reactor applications, mixed convection heat transfer mode
also occurs in other engineering fields including, for example, cooling of electronic equipment, solar
energy systems, drilling of oil wells, and removal of pollutants from confined spaces [1].
Mixed convection heat transfer has been extensively studied for vertical surfaces [2-6] and vertical
channels [7-11]. In the existing mixed convection studies (for both laminar and turbulent flows), the
Nusselt number is correlated as a function of several non-dimensional parameters
includingݎܩǡ ܲݎǡ ܴ݁ǡ ܴܽǡ ݖܩ. Laminar mixed convection in partially blocked vertical channel was
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studied by Habchi and Acharya [12]. In their study, the Nusselt number was found to decrease in the
streamwise direction with a local maximum at the blockage. Jackson et al. [13] provided a detailed review
of mixed convection in vertical tubes. They found that the Nusselt number correlates well as a function
ofݎܩΤܴ݁. Jackson and Fewster [14] correlated the enhancement factor (ܰݑΤܰݑ ) for circular tubes as a
function of ݎܩΤ൫ܴ݁ ଶଵΤ଼ ൯ for opposing turbulent flows. Swanson and Catton [15] presented an
enhancement factor for vertical parallel plates in terms of the Richardson number. A later work on
laminar mixed convection in a vertical circular tube with uniform heat flux for both opposed and assisted
flow in the laminar Reynolds number range of 400-1600 was presented by Mohammed [16]. They found
that the Nusselt number is high at the inlet and decreases axially downstream, but the mixed convection
remained higher than the laminar forced convection. The Nusselt number was correlated for buoyancy
assisted flow as a function ofݎܩΤܴ݁.
In addition to simple geometries, the study of mixed convection has been extended to annulus and rod
ଵ
bundle geometries. Maitra and Raju [17] showed that the Nusselt number varies with ܴܽ ൗସ in mixed
convection in a vertical annulus. Maudou et al. [1] studied mixed convection in vertical annular channels
with and without eccentricity. An increase in the Nusselt number with increasing ܴ݁ was observed for
both concentric and eccentric channels. Dawood et al. [18] presented a review of experimental and
numerical work on mixed convection heat transfer in concentric as well as eccentric annulus geometry.
Yang [19] in a theoretical study analyzed mixed convection in both square and triangular array rod
bundles, and showed that the Nusselt number increases withݎܩΤܴ݁. An analytical solution was
proposed by Iannello et al. [20] for fully developed laminar mixed convection flows in an annular and in
rod bundle geometries with a triangular array. They obtained a relation for the Nusselt number as a
function ofݎܩΤܴ݁. Suh et al. [21] correlated the subchannel pressure drop in laminar and transitional
mixed convection as a function of݈݊ሺͳ  ሺݎܩΤܴ݁ሻ. Kim and El-Genk [22] investigated single-phase
heat transfer in a triangular array rod bundle. Based on the experimental data it was concluded that the
flow can be treated as forced laminar flow for ܴ݅ ൏ ͳ and mixed convection forܴ݅  ͳ. In mixed
convection regime, they correlated the Nusselt number as
ܰ ݑൌ ܴܽ݅  ܴ݁ 

(1)

The values of ܽǡ ܾ and ܿ depend on the pitch to diameter ratio of the bundle. A similar study was
conducted by El-Genk et al. [23] in a nine-rod square array rod bundle. They concluded that the mixed
convection regime is significant when ܴ݅  ʹ for a square array rod bundle. The Nusselt number in the
mixed convection regime was obtained by superimposing the correlations for forced and natural
convection. Kim [24] presented a Nusselt number for infinite rod bundle with square pitch of 1.33 as
given below
ܰݑ
ൌ Ǥͺ
ܲ ݎǤଷଷ

(2)

In the FLECHT-SEASET test program [25], steam cooling tests were conducted in a 161-rod unblocked
bundle with square array having pitch to diameter ratio of 1.33. A minimum Reynolds number for
transition was observed to be 2500 from the test data. They recommended the Nusselt number given in
Eq. (2) for laminar forced convection.
Previous studies demonstrated that in mixed convection the Nusselt number is a function ofݎܩΤܴ݁  ,
with the value of ݊ being different from different studies. The effect of mixed convection is found to be
important in the range of ͲǤ͵ ൏ ܴ݅ ൏ ͷ for a vertical plate [26]. Sudo et al. [27] defined the mixed
convection regime to be in the range ofͲǤͲͲͲͳ ൏ ݎܩΤ൫ܴ݁ ଶଵΤ଼ ൯ ൏ ͲǤͲͳ. For a rod bundle having a
uniform heat flux, El-Genk et al. [23] concluded that the flow can be treated as forced laminar for ܴ݅ ൏ ʹ
in a square array. In the present work, experiments were conducted in a 7x7 rod bundle that has mixing
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vane type spacer grids. The rod bundle has linearly increasing heat flux. Experimental data obtained in
the present work shows that mixed convection is important even at very lowܴ݅ሺ̱ͲǤ͵). The local Nusselt
numbers are found to be higher than those reported by El-Genk et al. [23]. An enhancement factor to
account for the effect of mixed convection has been developed in this study in the form of݈݊ሺͳ 
ሺݎܩΤܴ݁ ଶ ሻሻ.
2. EXPERIMENTAL METHOD
2.1. Test Facility Description
The Rod Bundle Heat Transfer (RBHT) test section consists of 7x7 full-length electrically heated rods
with a diameter of 9.5 mm (0.374 in) and pitch of 12.6 mm (0.496 in) with seven spacer grids placed in a
square flow housing of 90.2 mm (3.55 in) [28, 29]. The test section simulates a portion of a commercial
size 17x17 rod bundle. There are 45 electrically heated rods and 4 support rods in the corners. The
length of the heated portion of the rod bundle is 3.66 m (144 inch) with a top-skewed axially linear power
profile having a peak power of 1.5 times the average power at 2.74 m (108 inch) elevation and 0.5 times
of the average power at both ends. A schematic of the flow loop and a 3-D drawing of the facility is
shown in Figure 1. The flow loop consists of a water supply tank, injection line with a centrifugal pump
with the capacity of 0.946 m3/min, a flow meter having a range 0-454 kg/min, lower plenum, test section,
upper plenum, carryover tanks, and pressure oscillation damping tank connected to the exhaust line.

Figure 1. Schematic of the Flow Loop and 3-D Drawing of the Test Facility.
To measure the temperature in the rod bundle, 256 K-type thermocouples are located on the inside surface
of the cladding with a distribution that covers the entire length of the test section. The bundle has seven
mixing vane spacer grids with a design prototypical of a commercial fuel bundle. Figure 2 (a) shows an
actual photograph of the spacer grid with a few rods and a traversable temperature probe. An isometric
view of the spacer grid used in the rod bundle is shown in Figure 2 (b). The first spacer grid is located at
a distance of 0.102 m from the inlet and the second spacer grid is at a distance of 0.588 m from the first.
The other spacer grids are separated by 0.522 m subsequent to Grid 2. These spacer grids have the same
blockage ratio of 36.22%, when viewed from the top. Several thermocouples are mounted on the spacer
grid. In order to measure the centerline temperature, 13 traversable probes having three thermocouples
each (as shown in Figure 2 (a)) are installed at various axial locations. The RBHT facility has 23
differential pressure (DP) cells mounted on the flow housing. Sixteen DP cells having a span length of
76.2 to 127 mm (3 to 5 in) are used to provide a detailed axial pressure drop near the middle of the
bundle. High-resolution digital cameras along with an infrared laser are used to observe the flow field in
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the bundle. There is also appropriate instrumentation to measure the input power, inlet flow rate, exhaust
steam flow rate, inlet liquid temperature, upper plenum pressure, flow housing temperature, and liquid
level.
2.2. Test Procedure
Several level swell tests were carried out in the RBHT facility using deionized water [30, 31]. The
system pressure, regulated using a Nitrogen line connected to the supply tank, was varied from 138 to 414
kPa (20 to 60 psia). To carry out a test, water was fed to the test section through the lower plenum having
a flow straightener, which ensures a uniform flow distribution in the test section. The power was applied
to the bundle using a DC power supply. Flow rates were varied from 2.5 to 40.6 mm/s. When the flow
rate was varied the bundle was allowed to reach steady state, which took few hundred seconds; then
temperature measurements were recorded for more than 100 sec at a frequency of 1 Hz. The inlet liquid
subcooling was varied from 11 to 56 K. The power of the bundle was varied from 54 kW to 144 kW.
In all the level swell tests, the lower portion of the bundle exhibited single-phase cooling. However, to
evaluate mixed convection effects, only tests in which single-phase convection was observed at least up to
1.5 m from the inlet are considered. Twenty three of the tests showed the single-phase convection in the
first 1.5 m section of the bundle. The possibility of subcooled boiling could be ruled out when cladding
temperatures (surface temperatures) were below the saturation temperature. To ensure that the heat
transfer was by single-phase convection, the region of interest is between the inlet of the rod bundle and
the elevation, where the cladding temperature remains at least 5 K below the saturation temperature. Any
temperature below saturation rules out the possibility of boiling, however to be conservative, the criterion
of 5 K below subcooling is chosen. Twenty three tests qualify the aforesaid criteria for evaluation. Test
conditions for these tests are shown in Table I. The letter after the flow rate is an identifier for a Test. For
these tests, based on the test conditions, the inlet Reynolds number ranged from 500 to 1300 and the
bundle power ranged from 72 to 144 kW. The heat flux at the inlet was 7320 kW/m2 for a test with 72
kW input bundle power and the heat flux linearly varied to 21970 kW/m2 at the peak power location (2.74
m). The local Reynolds numbers are calculated based on the mass flux and the local fluid properties
evaluated at the local bulk mean temperature. The local Grashof numberሺݎܩሻvaried from ͳǤͷ ൈ ͳͲହ
to͵Ǥͺ ൈ ͳͲ . These variations in  ݎܩand ܴ݁ generated data for the Richardson number ranging from 0.25
to 4.3.

(a)
(b)
Figure 2. (a) Photograph of a Spacer Grid with Heater Rods, Flow Housing and Traversable
Temperature Probes (b) Isometric View of the Spacer Grid Used in the RBHT Facility.
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Table I. Tests Conditions that showed Mixed Convection in the Bundle

138
276

Inlet
Temperature
(K)
328.5
348.2

Bundle
Power
(kW)
69.5
72.3

1659

414

361.7

72.3

1678
1679
1683

138
138
276

327.2
328.1
348.4

71.9
72.3
144.4

Test
No

Pressure
(kPa)

1578
1651

Flow rate (cm/s)
2.52(A), 3.13(B), 3.06(C)
3.07(A), 3.05(B), 3.03(C), 2.52(E)
3.05(A), 3.06(B), 3.03(C), 2.54(D),
2.03(F), 2.1(G), 2.03(H), 1.53(I)
3.1(A), 3.04(B), 2.54(D), 2.54(E)
2.03(A)
4.05(A), 4.1(B), 4.12(C)

Inlet
Subcooling
(K)
53
55
56
54
53
55

2.3. Data Reduction Method and Uncertainties
Thermocouples embedded in the heater rods were used to measure the temperature inside the cladding,
which has a thickness of 0.71 mm. The outer cladding temperature and the surface heat flux are
calculated by solving a transient, one-dimensional inverse heat conduction problem [29]. The heat
transfer coefficient is defined as
݄ሺݖሻ ൌ 

ǳ ሺݖሻ
ݍ௪

ሾܶ௪ ሺݖሻ െ ܶ ሺݖሻሿ

(3)

where qwcc is the wall heat flux, ܶ௪ ሺݖሻis the cladding temperature at a given locationݖ, and ܶ ሺݖሻ is the
local bulk mean temperature. A one-dimensional energy balance method is used to calculate the local
bulk mean temperature. The heat flux obtained from the inverse heat conduction solution is verified with
the steady state heat flux. The Nusselt number is defined as
Nu

hDh
k

qw' ' Dh
Tw  Tb k

(4)

where Dh is the hydraulic diameter of the subchannel and ݇ is the thermal conductivity of the liquid
calculated at the local bulk mean temperature. The Grashof number is defined as
݃ߚοܶܦଷ
 ݎܩൌ
ߥଶ

(5)

where, οܶ is the temperature difference between the cladding and the centerline temperature, measured
using the temperature probes, ߥ and ߚare kinematic viscosity and thermal expansion coefficient,
respectively, evaluated at the bulk mean temperature.
The uncertainty due to the thermocouple measurement was estimated to be ±1.11 K. The uncertainty in
the flow measurement was ±0.0237 kg/min. The error in the bundle power measurement was ± 1.29 kW.
Compared to the bundle power of 72 kW, the uncertainty in the power measurement is 1.8 % and for the
bundle power of 144 kW it was 0.9 %. Using these uncertainties as input, the uncertainty in Nu was less
than ± 2%. Considering a simple heat conduction network through the flow housing wall with insulation
and assuming free convection from the outer surface of the insulation the heat loss was found to be less
than 0.1 %.
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3. RESULTS AND DISCUSSION
The critical Reynolds number for flow transition from laminar to turbulent for the rod bundle geometry is
2500 according to Wong and Hochreiter [25]. According to El-Genk et al. [23], however, the critical
Reynolds number is given by
ReT

1.33u104 > Pr D  1@

(6)

where ܲ and  ܦare the pitch and diameter of the heater rods, respectively. For the RBHT bundle, the
pitch to diameter ratio is, Pr D = 1.326. The transition Reynolds number for RBHT bundle according to
El-Genk et al. [23] is therefore 4340. The inlet Reynolds number for the RBHT tests varied from 500 to
1320. The local Reynolds numbers were below 2000. Checking the transition from a natural convection
perspective, the Raleigh numbers for these tests were below 107. This confirms that the flow was laminar
for these data.
Figure 3 (a) shows the variation of the Nusselt number for Tests 1578A and 1651B, having an inlet
Reynolds number of 605 and 965, respectively. These Nusselt numbers are presented with the local
Reynolds number in Figure 3(b). Note that, in Figure 3(b), data points at the spacer grids are not
presented. There are several thermocouples at the same axial elevation in different heater rods which
resulted in different Nusselt numbers at the same axial location. In general, the Nusselt number is found
to increase with increasing elevation. This behavior is different from that observed in a vertical tube with
uniform heat flux [16]. The reason for the increase is due to the linearly increasing heat flux with
elevation. The local Reynolds number along with the Richardson number increases with elevation
because of the axially increasing heat flux. The variation of ܴ݅ in the rod bundle is shown in Figure 4. A
similar observation, i.e., increase in the Nusselt number with increasing ܴ݅ at a given axial location, has
been reported in literature for vertical parallel surfaces [32] and for a vertical tube [16]. The local
Reynolds number increases because of a lower viscosity of vapor at a higher temperature. Despite
different inlet Reynolds numbers in Tests 1578A and 1651B, the Nusselt numbers near the inlet, i.e.
between Grids 1 and 2 are the same. As the heat flux is low near the inlet of the bundle the Richardson
number is small, hence the flow behaves like purely forced laminar flow. However, near Grid 3, the
Nusselt number is higher for Test 1578A having a lower local Reynolds number. This observation can be
corroborated by observing the slope of the data points for the two tests shown in Figure 3(b). This is due
to the fact that the Richardson number is higher in Test 1578A. Another important observation is that the
rate at which the Nusselt number increases is higher between Grids 3 and 4 compared to those between
Grids 1 and 2 and Grids 2 and 3. The heat flux linearly increases with elevation due to the axially skewed
power profile. With increasing heat flux, ܴ݅ increases, which causes stronger buoyancy effect. Figure
3(b) also compares the fully developed forced laminar Nusselt numbers using the correlations by Wong
and Hochreiter [25] and El-Genk et al. [23]. According to Wong and Hochreiter, ܰݑΤܲ ݎǤଷଷ is a constant
having the value of 7.86 in the laminar forced convection regime. Their model under-predicts the RBHT
data. El-Genk et al. [23] derived their correlation assuming the flow to be forced laminar when the
Reynolds number is below the transition Reynolds number and the Richardson number is less than 2.
Hence, their correlation had actually accounted for the mixed convection implicitly. Because of this
reason, the El-Genk correlation predicts a higher Nusselt number than the Wong and Hochreiter
correlation, but under-predicts the RBHT data.
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Figure 3. (a) Axial Variation of the Nusselt Number in the Rod Bundle (b) Variation of the Nusselt
Number with the Local Reynolds Number
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Figure 4. Axial Variation of the Richardson Number in the Rod Bundle
3.1. Effect of Spacer Grid
The effect of spacer grid on heat transfer can also be observed from Figure 3 (a). The Nusselt number is
higher at Grids 2 and 3. The effect of spacer grid at Grid 1 is not evident from the figure, because this
grid is very close to the inlet of the rod bundle and the entrance effects would be dominant near this grid.
Downstream of the spacer grids, the Nusselt number increases in the flow direction. This behavior is
different from the spacer grid effects observed in turbulent single-phase steam flow [33, 34, 35], when the
effect of natural convection is not significant. In turbulent flow over a spacer grid, the swirling effect
decays downstream of the spacer grid resulting in a decay in the heat transfer enhancement. In the mixed
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convection regime, a local maximum is observed at the spacer grid and the Nusselt number increases
downstream of the spacer grid with the Richardson number, as shown in Figures 3(a) and 4. A similar
observation pertaining to local maximum has been reported by Habchi and Acharya [12], using a
numerical model of laminar mixed convection in a partially blocked vertical channel. In their work, a
local maximum in the Nusselt number was observed where flow reattaches downstream of the blockage.
The present measurement does have closely spaced thermocouples, to examine reattachment, however,
local maxima are observed at the spacer grid locations. The enhancement at the spacer grid is due to flow
acceleration as a result of blockage in the flow area. In addition to that the local flow structure changes
due to the presence of the grid.
3.2. Comparison with Forced Laminar Correlation
To compare with the fully developed forced laminar correlation, the RBHT data at a distance of ݖΤܦ >
38 from the first and third grids and at a distance of ݖΤܦ > 32 from the second grid are considered. For
laminar forced convection, a fully developed flow is observed at a distance ሺݖΤܦ ሻΤܴ݁ > 0.05 [36]. The
redevelopment length from the trailing edge of the grid for an inlet Reynolds number of 500 would be z >
25Dh, however, for Re=1000, z > 50 Dh. The RBHT data at a distance of ݖΤܦ > 32 can be assumed to
be fully developed for comparison with forced convection correlation. Two correlations for forced
laminar flow in rod bundle having square array are compared with the RBHT data. Figure 5 (a) and (b)
compare the current data (from 23 tests) with the Wong and Hochreiter [25] and El-Genk [23]
correlations, respectively. According to Wong and Hochreiter [25], the Nusselt number is independent of
the Reynolds number, but is a function of Prandtl number. In the current data, the Prandtl number does
not vary significantly. That explains why the Nusselt number is nearly constant using the Wong and
Hochreiter [25] model. Note that the El-Genk correlation implicitly accounts for the mixed convection.
As such, the El-Genk Correlation compares better with the RBHT data although it still appreciably underpredicts the RBHT data.
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Figure 5. Comparison with Single-Phase Forced Laminar Convection (a) Wong and Hochreiter
Correlation [25] (b) El-Genk et al. Correlation [23]
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3.3. Enhancement due to Mixed Convection
There are several correlations for the Nusselt number based on the Reynolds, Prandtl, Richardson and
Grashof numbers for mixed convection heat transfer for buoyancy assisted flow [16, 22, 26, 32, 37]. One
of the disadvantages in using these forms of the correlation is that when the effect of buoyancy is
negligible, the correlation does not reduce to the condition for forced laminar flow. The correlation by
Huang et al. [32] includes the non-dimensional distance from the inlet. Another way to capture the
enhancement due to mixed convection over forced laminar flow is to define an enhancement factor using
the fully developed forced laminar convection Nusselt number as a baseline case for comparison. This is
similar to the works by Jackson and Fewster [14] and by Swanson and Catton [15] for turbulent mixed
convection in an opposed flow. Swanson and Catton presented an enhancement factor for the mixed
convection regime in between two vertical heated surfaces. In the present study, the correlation by Wong
and Hochreiter [25] is chosen as the baseline correlation for calculating the heat transfer enhancement
factor. The latter is expressed as a function of ܴ݅. Following Swanson and Catton’s [15] work, the
Nusselt number ܰ ݑfor mixed convection can be written in terms ofܰݑ , the baseline case using the
Wong and Hochreiter correlation. The correlation coefficients have been calculated using the present
RBHT data as shown in Figure 6. The final form of the new correlation is given below
Nu
Nu 0

ª § Gr
·º
1  2.55 «ln ¨ 2  1¸»
¹¼
¬ © Re

0.89

(7)

Figure 6 also shows the variation of the enhancement factor developed by Swanson and Catton [15]. The
enhancement factor is significantly higher for the present work as compared to that reported by Swanson
and Catton. Predicted Nusselt numbers using these values are compared with the experimental data in
Figure 7. The observed mean absolute percentage error is 12.5% and root mean square of percentage
error is 15.7 %.
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Figure 6. Variation of the Heat Transfer Enhancement Factor with the Richardson Number
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Figure 7. Comparison of the Experimental Data with the Predicted Results Using the Correlated
Enhancement Factor
4. CONCLUSION
Steady-state level swell tests conducted at the RBHT test facility exhibited the mixed laminar convection
heat transfer regime in the lower portion of the test section. Using the steady state level swell data, the
Nusselt number for mixed laminar flow is determined. It is found that the Nusselt number increases with
elevation in the rod bundle due to increase in the Richardson number over the range of inlet Reynolds
number explored. The local maxima were observed to occur at Grids 2 and 3. The Nusselt number did
not vary with the inlet Reynolds number near the inlet of the rod bundle. However, the Nusselt number
varied at the higher elevations as the local Richardson number differed due to an increase in the local heat
flux with elevation. The Nusselt numbers based on the RBHT data were found to be significantly higher
than the fully developed, single phase laminar flow Nusselt number for rod bundles. An enhancement
factor is developed using the fully developed forced laminar to account for the effect of mixed
convection.
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