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Abstract-Experiments of upflow- and downRow-forced turbulent and larninar convection. natural con- 
vection and buoyancy-assisted combined convection of water are performed in uniformly hcatcd, square 
arrayed, nine-rod bundles having P/D ratios of I .25. 1.38 and 1.5. In the experiments. Rc varies from 150 
to 3 x IO”, Pr from 3 to 9. Ra, from 5 x IO” to 3 x IO” for natural convection and from IO’ to 7 x IO” for 
combined convection. and Ri from 0.03 to 300. The heat transfer data are correlated in the respective 
convective regimes, where the heated equivalent diameter is used as the chardcleristic length in all dimcn- 
sionless quantities and water properties are evaluated at the mean bulk tcmperaturc. The forced convection 
data fall into two distinct regimes: forced turbulent and forced laminar: the Reynolds number at the 
transition between these regimes is a linear function of P/D. In the forced convection experiments the How 
is hydrodynamically developing. but thermally fully developed. The natural convection data are correlated 
to within + 10% in terms of Ra,, and the combined convection data are correlated to within f IS”% by 
superimposing the Nusselt numbers. raised to the fourth power. of forced laminar and natural convection. 
For all P/D values. the transition from forced laminar to combined convection occurs at Ri = 2.0. A 
comparison with triangularly arrayed rod bundles shows that for the same flow area per rod. the rod 

arrangement negligibly affects Nu in both forced and natural convection regimes. 

1. INTRODUCTION 

FORCED, combined and natural convection of water 
in vertical, multi-rod bundles are of particular import- 
ance to many engineering applications. Examples of 
such applications include the design and operation of 
heat exchangers, steam generators, and operation and 
safety of nuclear reactors for both research and com- 
mercial power generation. For instance, advanced 
light water nuclear reactor designs currently being 
developed rely on natural and combined convection 
for passive removal of the decay heat from the reactor 
core after shutdown. Therefore, it is important to devel- 
op reliable heat transfer correlations for natural and 
combined convection regimes in vertical rod bundles. 
Numerous studies of heat transfer in rod bundles 
have been conducted, but until recently [IA], little 
experimental data and heat transfer correlations had 
been reported for forced laminar, natural, and com- 
bined convection of water. As shown in Figs. 1 (a) and 
(b), except for the work of El-Genk and co-workers 
[l-4], most heat transfer data for forced convection of 
water in rod bundles, with either a square or a tri- 
angular lattice, had been limited to upflow conditions 
at Re > 6000 [S-9]. No heat transfer correlation had 
been developed for forced laminar, natural, or com- 
bined convection in rod bundles with open flow con- 
ditions and only a few data had been reported at low 
Reynolds numbers (Re < 6000) with either isothermal 
or uniformly heated wall [l&14]. 

Although extensive theoretical studies of fully 
developed forced laminar and combined flows in 
multi-rod bundles have been performed ; to the best of 
our knowledge results had never been confirmed by 
experimental data [I 5-221. Because the effects of inter- 
subchannel cross-flow and buoyancy-induced flow 
mixing are difficult to model. the use of theoretical 
results of heat transfer in bundles is restricted to steady 
and fully developed flow conditions, which are of lim- 
ited practical application. 

El-Genk and co-workers have collected and cor- 
related heat transfer data for forced turbulent, forced 
laminar. combined and natural convection of water 
in uniformly heated, triangularly arrayed, seven-rod 
bundles with P/D ratios of 1.25. 1.38 and 1.5 [l-3]. 
Their forced convection data fell into two distinct 
regimes: forced turbulent and forced laminar con- 
vection; the Reynolds number at the transition 
between these two regimes, Re,, was a linear function 
of P/D (Rcy = 10”~ (1.319 P/D- 1.432). When the 
equivalent hydraulic diameter was used as the charac- 
teristic length in Nu and Re and the water properties 
were evaluated at the bulk temperature the forced tur- 
bulent convection data were within less than 
k 10% of the previously reported correlation by 
Weisman [23]. The natural convection data for 
both P/D of 1.38 and 1.5 were correlated in terms 
of Ra, as Nu~,~ = 0.272 Ra:” and the combined 
convective data were correlated by superimposing 
Nusselt number correlations for forced laminar 
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NOMENCLATURE 

A flow area per rod [ml] PI Prandtl number, C&k 

CP specific heat [kJ kg- ’ K- ‘1 PID pitch-to-diameter ratio 
D rod diameter [m] CI surface heat flux, p/977DL [kW m- ‘1 
DC equivalent hydraulic diameter. Ra,, Rayleigh number, Gr,, Pr 

WW(PlD)2- 11/[(4/n)(P/D) + 11 RI? Reynolds number based on heated 
[ml equivalent diameter, poD,,/p 

Dell heated equivalent diameter, Reoe Reynolds number based on hydraulic 
D[(4/MPlD)2- 11 [ml equivalent diameter, pr,D,/p 

9 acceleration of gravity [m s-‘1 Re, Reynolds number at the transition 
Gr, Grashof number based on heat flux, between forced turbulent and laminar 

g/lqD&/kv’ flow regimes 
k thermal conductivity of water Ri Richardson number, GrJRe’ 

[kW m-’ K-‘1 Tb bulk temperature of water based on heat 
L length of the heated section [m] balance [K] 
Ln entry length in rod bundles [m] TW average wall temperature of the heated 
4 hydrodynamic entry length [m] section [K] 
NM Nusselt number, qD,,/k( T, - T,,) I’ average flow velocity [m s- ‘1 
NM; local Nusselt number I axial distance from the entrance of the 
NkL Nusselt number for combined laminar heated section [ml. 

convection 
NM,., Nusselt number for forced laminar Greek symbols 

convection P volumetric thermal expansion coefficient 
NUI’.T Nusselt number for forced turbulent P- ‘I 

convection E porosity of rod bundles, 
N%.L Nusselt number for natural laminar ((1 - (7r/4))(UP))? 

convection i’ dynamic viscosity [kg m- ’ s - ‘1 
P pitch between adjacent rods [m] I’ kinematic viscosity [m’ s- ‘1 
P power dissipated in test section [kW] P density [kg m-‘I. 

(a) Trlatqbr lattice 
-------------- 

Forced Twbhnt Forced Tubdnt 

d 

O----Q Waisman [23] 
b-4 hayatov [O] 

?a2 ” ” s ” ” * ” ” 
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102 “.‘B”“““’ 
16 20 26 10 16 20 26 

PID P/D 

FIG. 1. Reported work on forced convection of water in vertical, multi-rod bundles : (a) triangular lattice; 
(b) square lattice. 



Chilled 

Containment Tank with 
Rod Bundle Test Section 

\ 

I Flowmeters 

Heat Exdunger 

i 

Circulating Pumps 

I 
City Water 
Supply Lie 

-v 
Ion Exchanger Beds 

and natural convection using the approach first 
suggested by Churchill [24] as 

the positive and negative signs indicate buoyancy- 
assisted and buoyancy-opposed Row condition. rcspcc- 
tively. The value of the exponent II was 3 and 2 for 
buoyancy-assisted and buoyancy-opposed combined 
convection, respectively [3]. The transition from forced 
laminar to combined convection occurred at Ri = I .O 
for upflow and at Xi = 0.1 for downflow [l-3]. 

This paper extends the data base of El-Gcnk and 
co-workers [l-3] to square arrayed, vertical rod 
bundles (see Fig. l(b)). Heat transfer experiments of 
upflow and downflow forced turbulent and laminar 
convection, natural and buoyancy-assisted combined 
convection of water were performed in uniformly 
heated, nine-rod bundles having P/D values of 1.25. 
I .38 and I .5. To quantify the effect of rod arrangement 
on heat transfer, the data and correlations developed 
in the respective flow regimes were compared with 
those reported previously by El-Genk et (I/. [l-3] for 
triangularly arrayed rod bundles. 

2. EXPERIMENTAL SETUP 

Figure 2 shows the experimental setup for the 
forced upflow experiments and Fig. 3 presents cross- 
sectional views of the test section assembly and rod 
bundle. As shown in Fig. 3, the test section consists 
of nine rods enclosed in a square Plexiglas shroud. 
The spacing between the rods was maintained using 
Plexiglas spacers above and below the heated section. 
Each test rod consists of three sections : a heated sec- 
tion at the middle and two unheated sections at the 

top and bottom ends. The hcatcd section. ;I Y0.4 cm 
long stainless steel tube ( I .27 cm o.d. and 0.089 cm 
thick). was silver soldcrcd at the top and bottom to 
the unheated sections. The unhcnted sections wcrc 
made of5 I .3 cm long brass rods, cxccpt for the central 
instrumcntcd rod whcrc the top unhcatcd section was 
made of a brass tube with the same diamctcr and wall 
thickness as the heated section. The unhcatcd sections 
serve as entry lengths for the hydrodynamic dcvcl- 
opmcnt of the flow before cntcring the heated section 
and for minimizing the exit efLcct on the heat transfer 
in the heated section. 

The shrouded rod bundle (see Fig. 3) was supported 
at the bottom by a s!ructure consisting of Iwo con- 
centric Plexiglas cylinders. Each cylinder has tight 
longitudinal openings (each is I7 cm long and 2.54 
cm wide), placed 45 dcg apart, in order to allow flow 
circulation through the test section during both forced 
convection and natural convection cxpcrimcnts. The 
openings in the outer cylinder were closed during the 
forced convection cxpcriments. but wcrc Icft open dur- 
ing the natural convection experiments. During the 
natural circulation experiments no tlow was allowed 
to circulate through the external loop. The water 
entering the test bundle from the containment tank 
through the openings in the bottom structure (see 
Fig. 3) rises in the heated section under the cll’cct oi 
buoyancy, then returns to the containment tank. The 
containment tank is a Plexiglas cylinder, 61 cm o.d. 
and 244 cm high. As shown in Fig. 2. in the forced 
convection experiments the flow was circulated 
through the test section and the external loop by two 
centrifugal pumps, which provide a maximum flow 
rate of 1.6 kg s- ‘. A heat exchanger with 500 kW 
thermal rejection capability was installed in the loop 
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FIG. 3. Longitudinal and cross-sectional views of the containment tank and the test rod bundle. 

to cool the water and help maintain a desired water 
temperature at the inlet of the test section. To mini- 
mize the deposition of minerals on the surface of the 
heated rods, the water was demineralized using ion 
exchanger beds and its resistivity was kept at about 
14-l 8 Ma cm. 

3. EXPERIMENTAL MEASUREMENTS AND 

PROCEDURES 

The power dissipated in the heated section of the 
rods was determined from measurements of the elec- 
tric current and voltage in the test bundle, after sub- 
tracting the energy dissipated in the top and bottom 
brass sections, which amounted to about 3.7% of the 
electric power input [25]. In the forced convection 
experiments, the electric power dissipated in the 
heated section was also calibrated using the heat bal- 
ance method, the measured mass flow rate and both 
the water inlet and exit temperatures. The agreement 
between the electric power dissipated and that cal- 
culated by the heat balance method was within f2%. 

In the natural convection experiments, since direct 
measurement of the flow rate was not possible, the 
energy dissipation in the heated section was deter- 
mined from the electric power measurements. The 
maximum error in electric power measurements was 
less than f 3%. 

The water flow rate in the forced convection exper- 
iments was measured using a total of three flow meters 
covering a range from 0.013 to 1.6 kg s- ’ ; two turbine 
flow meters were connected in parallel for flow rates 
from 0.13 to 1.6 kg s- ‘, and a rotameter for flow rates 
below 0.13 kgs- ‘. Before conducting the experiments, 
the flow meters were calibrated and the data were used 
to develop calibration curves for the data analysis 
software; the calibration curves were within f2.5% 
of measured values [25]. 

Only the central rod in the test bundles was instru- 
mented with eight chromel-alumel (type-K) thermo- 
couples to measure the inner surface temperatures of 
the heated tube wall using a specially designed Teflon 
probe [l-3, 261. The inner wall temperatures were 
measured at eight axial locations, 4.5, 16.2,27.8,39.4, 



51.0, 62.7, 74.3 and 85.9 cm, respectively, from the 4. RESULTS AND DISCUSSION 

top of the heated section. These temperatures were 
used to determine the outer surface temperatures of In this section, the heat transfer data in the forced, 

the wall after taking into account the heat conduction natural and combined convection regimes in the nine- 

in the wall. The difference between the inner and the 
rod test bundles are presented and correlated in the 

outer wall surface temperatures was in the order of respective convection regimes using the appropriate 

0.1-l K, depending on the operating power levels [25]. dimensionless parameters. Because the present cor- 

The water temperatures at the inlet and exit of the relations are based on the central rod temperature 

heated section were monitored using two thermo- measurements, the heated equivalent diameter, DC,,, 

couples, placed about 5 cm above and below the rather than the conventional hydraulic equivalent 

heated section. The bulk water temperatures at the 
diameter, D,. was used as the characteristic length in 

different axial locations in the heated section were the dimensionless parameters such as Re, Nu, Gr,, Ra, 

determined from the overall heat balance using the and Ri. The water physical properties were evaluated 

measured flow rate, power dissipated in the heated at the mean bulk temperature, except for Nu; and 

section, and the measured inlet water temperature. the local Reynolds number where the properties were 

The physical properties of water in the dimen- evaluated at the local bulk temperature. 

sionless quantities such as Nu, Re, Pr, Gr,, Ro,,, and 
Ri were evaluated at the mean bulk temperature of 4.1. Flow conditions in forced convection experiments 
water in the heated section. The difference between Before the heat transfer data in the forced con- 
the average outer surface temperature of the heated vection regimes were correlated, the hydrodynamic 
wall and the mean bulk temperature of water was used and thermal conditions of the flow in the heated test 
to determine the average value of Nu in the heated section for all P/D values were examined. The hydro- 
section. The values of the local Nusselt number, NM:, dynamic entry length, L,,, for the flow to be hydro- 
were used to verify if the flow in the forced convection dynamically fully developed was calculated by the 
experiments was thermally developed (see Results formula suggested by White [28]: L, = DJO.04 
and Discussion for details). The calibration of the 
thermocouple in the experiments indicated a relative 

Re,C+0.5]. The ratio of Lh to the length of the 
unheated sections in the test bundles (51.3 cm), L,,, 

error of less than 0.5% in the temperature range is plotted against Re/ReT in Fig. 4, where Re, is the 
of interest (283-363 K). The relative errors in the Reynolds number at the transition between forced 
measured variables (electric power, temperatures, turbulent and forced laminar flow regimes. In Fig. 4, 
P/D ratio and flow rate) resulted in approximately the forced turbulent convection regime occupies the 
+7.6% uncertainty in NM, +5.6% in Re, +2.6% in space where (Re/Re,) > 1, and the forced laminar 
Pr, +9.5 to 13.8% in Ra,,, and f 13.6 to 16.9% in Ri convection regime occupies the space where 
[25]. These uncertainties were calculated using the (Re/Re,) < 1. When (Lh/Lcn) is greater than unity, the 
method of Kline and McClintock [27]. The main con- flow is hydrodynamically developing, otherwise it is 
tributors to the uncertainty in Nu were the tempera- hydrodynamically fully developed before entering the 
ture and electric power measurements, the mass flow heated section. Results in Fig. 4 demonstrate that in 
rate in Re, and the P/D in Ra,, and Ri. the forced turbulent convection experiments the flow 

In the experiments, electric power was increased in the heated section was hydrodynamically devel- 
from 0.5 to 13 kW in increments of about 1 kW. At oping, irrespective of P/D ratio. In the forced laminar 
each power level the flow rate was reduced from 1.6 convection experiments, the flow was hydrodynami- 
to about 0.016 kg s- ’ in increments of approximately cally developing in the bundle with P/D = 1.5 ; it was 
0.03 kg s- ’ at high flow rates and 0.006 kg s- ’ at low mostly hydrodynamically developing at the lower 
flow rates. The inlet water temperature was varied P/D of 1.38 and 1.25, and hydrodynamically fully 
from 286 to 296 K. At each flow rate, after reaching developed at low Re. 
steady-state, the temperatures, electric power and flow In order to determine the thermal condition of the 
rate were recorded by a data acquisition system con- flow in the forced convection experiments, Nu; was 
trolled by a personal computer. These procedures con- plotted vs axial distance from the entrance of the 
tinued until a flow rate of 0.016 kg s- ’ or a maximum heated section in Figs. 5 and 6. In the upflow exper- 
wall temperature of 358 K was reached. At higher iments the flow was thermally fully developed, regard- 
temperatures, bubbles of dissolved air were seen less of P/D (see Fig. 5), and in the downflow exper- 
forming within the heated section, causing oscillation iments the flow was thermally fully developed, except 
in the surface temperature measurements. The Re was for z/L < 0.2 and P/D = 1.38 and 1.5 (see Fig. 6). As 
varied from 250 to 3 x 104, Pr from 3 to 9, Ra, from shown in Fig. 5, Nu, was almost uniform along the 
5 x 10’ to 3 x 10” for natural convection and from IO’ heated length, with maximum variation of about lo%, 
to 7 x lo8 for combined upflow and Ri from 0.03 to which could partially be attributed to cross-flow mix- 
300. Details of the experimental setup and conduct, ing among subchannels in the bundle. In Fig. 6, Nuz 
calibration and measurement uncertainties, and a list- decreased with axial distance up to z/L = 0.2, then 
ing of experimental data in the various convection became almost independent of axial location. In con- 
regimes are available elsewhere [25]. elusion, in the forced convection experiments for all 
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FIG. 4. Flow hydrodynamic conditions in the forced convection experiments. 

P/D values the flow in the heated section was mostly 
hydrodynamically developing but thermally fully 
developed. 

4.2. Forced convection 
The heat transfer data and correlations in the forced 

convection regimes are presented in Figs. 7(a)-(c). 
These figures indicate that irrespective of the flow 
direction, the forced convection data can be classified 
into two distinct regimes : forced turbulent and forced 
laminar, where the Reynolds number at the transition 
between the two regimes, Re,, was a linear function 
of P/D as 

Re, = 1.33 x 104[(P/D)- I]. (1) 

As shown in Fig. 8, the values of ReT were in excellent 
agreement with that reported by Wantland for a 
square lattice [5]. For a triangular lattice, the cor- 
relation of Kim and El-Genk [ 1, 261 was in good 
agreement with the data of Inayatov [9], but higher 
than those reported by other investigators [5, 1 I]. 
However, the difference in Re, between the two rod 
arrangements decreases as the P/D is decreased. In 
the forced convection regimes the data were correlated 
in terms of Re as : 

(a) for forced laminar convection 

Nu~,~ = A Re’ Pro.” 

(b) for forced turbulent convection 

Nu~,~ = C Re’.’ Pro.” 

W 

(2b) 

where 

A = 2.97 - I .76(P/D) 

B = OS6(P/D) -0.30 

@a) 

WI 

C = 0.028( P/D) - 0.006. (3c) 

As these equations indicate, the coefficient A 
decreased while the exponent B increased linearly with 
P/D (see Fig. 9(a)). In the forced turbulent convection 
the coefficient C in equation (2b) also increased lin- 
early with P/D. Equations (2a) and (2b) are within 
+_8% of the experimental data [25]. Equation (2b) is 
also within less than 8% of Weisman’s correlation 
[23] for squarely arrayed rod bundles (see Fig. 9(b)) ; 
Weisman’s correlation was based on the fully 
developed turbulent upflow data of Dingee et al. [6] 
for 1 .I < P/D < 1.3 and Re > 25 x 10”. Similar to the 
present work, they have used DC,, as the characteristic 
length in both Nu and Re and evaluated the water 
properties at the mean bulk temperature. Such good 
agreement .establishes the soundness of the exper- 
imental setup and measurements and suggests that 
the Weisman correlation for square arrayed bundles 
could be extrapolated to higher P/D up to 1.5 and to 
low Re, where Re > ReT (see equation (1)). 

Although the dependence of Nu for forced tur- 
bulent convection on Re was the same for both 
squarely and triangularly arranged rod bundles, in 
the forced laminar convection the dependence of Nu 
and Re varied not only with P/D but also with the 
rod arrangement. When the present results were com- 
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pared with those for triangularly arrayed rod bundles, 
the Nusse!t number for the latter was generally lower 
(see Figs. IO(a) and (b)). However, when the data 
were plotted in terms of the bundle porosity, E, the 
coefficient C for force! turbulent convection was 
found to be independent of the rod arrangement in 
the bundles (see Fig. I l(b)). Similarly, in the forced 
laminar convection regime at a given Re, Nusselt num- 
ber values increased linearly with E, irrespective of the 
rod arrangements in the bundle (see Fig. I I (a)). 

4.3. Natural corwecrion . 
Natural convection experiments were performed 

using bundles with P/D = I .25, I .38 and 1.5. In these 
experiments, since buoyancy is the driving force for 
the flow, the heat transfer data were correlated in 
terms of Ra, as 

and 
NU N,L = 0.178 Rat” for P/D = I.5 (4) 

NU N,,. = 0.057 Rat’5 for P/D = 1.25 and 1.38. (5) 

In equation (4). Ra,, varied from 4 x IOh to 3 x IO”, 
and in equation (5) it varied from 3 x IO6 to 2 x IO’ 
for P/D = 1.38 and from 6 x IO5 to 9 x IO’ for 
P/D = 1.25. As shown in Fig. 12, these correlations 
are in agreement with the experimental data (within 
f  IO%) [25]. The data in Fig. 12 show that for 
P/D < I .38 Nusselt number values were independent 
of P/D, which is in agreement with the work of Kim 
and El-Genk [I, 261 for triangularly arrayed bundles 
having the same rod diameter. The data also show 
that Nusselt number values in the bundles with a 
P/D = 1.5 were about 30% lower than those in the 
other two bundles with smaller P/D at Ra, = 3 x IO’. 
However, this difference decreased as Ra, decreased, 
becoming negligible at Ra, < 107. 

In Fig. 13, equations (4) and (5) were compared 
with that of Kim and El-Genk [I] for triangularly 
arrayed rod bundles and with that of Keyhani et al. 
[29] for internal circulation in a uniformly heated, 
square arrayed rod bundle having a P/D = 3.08. For 
consistency, the heat transfer correlation of Keyhani 
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FIG. 13. Comparison of heat transfer correlations for natural convection in vertical rod bundles. 

et 01. [29] in Fig. 13 is represented in terms of De,,. 
rather than the rod diameter as in the original pub- 
lication. As delineated in Fig. 13. Nu for natural con- 
vection with external circulation is higher in square 
arrayed rod bundles than in triangularly arrayed 
bundles, whereas the difference in NM decreases as Ra,, 
decreases. Figure I3 also shows that the correlation 
of Keyhani et al. for internal circulation is significantly 
lower than equations (4) and (5) and the correlations 
of Kim and El-Genk [I] for external circulation. This 
difference in Nu, which appears to decrease as Ra,, 
decreases, could be in part due to the larger P/D used 
by Keyhani ef ~1.. which is consistent with the present 
results, and also partially due to the difference in flow 
conditions, internal vs external circulation. 

4.4. Combined convection 
In the combined convection regime, both inertia 

and buoyant forces affect heat transfer. In the upflow 
experiments, buoyant force accelerates the flow next 
to the heated wall, enhancing the heat transfer rate 
and causing Nzr to increase with Gr,,. As indicated by 
Kim and El-Genk [I] and El-Genk ef a/. [2, 31, the 
combined convection data were better described using 
Ri, rather than Gr,,/Re. As shown in Figs. 14(a)-(c), 
the transition from forced laminar to combined con- 
vection in all three P/D values occurred at Ri = 2.0. 
This value is higher’ than that (Ri = 1.0) for tri- 
angularly arrayed rod bundles [ 1, 261. Equations (la) 
and either (4) or (5), depending on P/D, were used to 
develop a general correlation for combined con- 
vection for buoyancy-assisted flow by superimposing 
the two correlations as suggested by Churchill [24]. 

This approach has been used successfully by other 
investigators to correlate combined laminar flow data 
for isothermal and uniformly heated vertical tubes 
and annuli [30, 311 and by El-Genk and co-workers 
for uniformly heated vertical rod bundles [2, 31. The 
following correlation was determined from the best fit 
of the buoyancy-assisted combined convection data 
in Figs. 14(a)-(c) as 

NLI~,~ = [Nu;,,. k Nu;,,.]” Is. (6) 

Equation (6) fits the data for P/D = I.5 to within 
f  12%,and for P/D = 1.38 and I.25 to within f  15% 
[25]. 

In Fig. 15, a heat transfer map for forced, natural 
and buoyancy assisted convection in square arrayed 
rod bundles is presented by plotting the data in terms 
of (Re/Re,) on the ordinate vs Ri on the abscissa. As 
this figure shows, the forced turbulent convection data 
for all three P/D values fall in the upper half of the 
figure where (Re/Re,) > I. while the forced laminar 
convection data fall in the lower left-hand portion 
where (Re/Re.r) < 1, and Ri < 2. The region where 
Ri 3 2, is occupied by the natural and combined con- 
vection data, for which the effect of buoyant force on 
heat transfer is important. 

5. SUMMARY AND CONCLUSIONS 

Heat transfer experiments were performed for nalu- 
ral and buoyancy-assisted combined convection of 
water in uniformly heated, square arranged, nine-rod 
bundles with P/D values of I .25, I .38 and I .5. Exper- 
iments were also performed for hydrodynamically 
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FIG. 14. Heat transfer data and correlation for buoyancy-assisted combined convection in rod bundles 
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FIG;. 15. Flow regime map for forced. natural and buoyancy-assisted combined convection in square 
arrayed, nine-rod bundles. 

developing and thermally fully developed forced tur- 
bulent and laminar convections for both upflow and 
downflow conditions. The heat transfer data were cor- 
related in the respective convective regimes, where the 
heated equivalent diameter was used as the charac- 
teristic length in all dimensionless quantities and the 
water properties were evaluated at the mean bulk 
temperature. As with triangularly arrayed rod 
bundles, the forced convection data fell into two dis- 
tinct regimes: forced turbulent and forced laminar, 
where the Reynolds number at the transition between 
these regimes was a linear function of P/D (equation 
(I)). The forced turbulent convection data and cor- 
relation (equation (2b)) were within 8% of Weisman’s 
correlation, extending its validity to low Re values 
(Re > ReT, see equation (I)) and to higher P/D values 
up to 1.5. The effects of type of rod lattice on Nusselt 
number values for forced turbulent and forced lami- 
nar convection were found to be less than 8%. Indeed, 
for the same bundle porosity, E and Re, Ntr for either 
forced turbulent or laminar convection was inde- 
pendent of the rod arrangement in the bundles. and 
increased linearly with E. 

The natural convection data showed that for 
P/D = 1.25 and 1.38, Nu values were independent of 
P/D, but were higher than those for larger P/D values, 
with either internal or external circulation. The com- 
bined convection data were correlated to within 
f  15% by superimposing the Nusselt numbers, raised 
to the fourth power, of forced laminar and natural 
convection (equation (6)). For all P/D values, the 
transition from forced laminar to combined con- 
vection occurred at Ri = 2.0. 

Ac,k,loll,/ec!cle,,l~~lt.s-RResearch was funded by the University 
or New Mexico‘s Institute for Space Nuclear Power Studies. 
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