
Heat transfer from a vertical tube bundle 
under natural circulation conditions 
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A rectangular loop (thermosyphon) was used to measure the average heat transfer 
coefficients for water at atmospheric pressure under natural circulation conditions. 
Atwenty-onetube bundle with tubes 1.65 m long and 9.55 mm in diameter, and a 
pitch-to-diameter ratio of 1.33, was used as a test heat exchanger in one of the 
vertical legs of the loop. A natural circulation flow in the loop developed due to 
buoyancy differences of the fluid in its two vertical legs. Flow visualization 
experiments were performed to determine the flow regimes associated with natural 
circulation flow longitudinal to a tube bundle. Empirical correlations for the 
average Nusselt number have been developed and are reported. Grid spacers 
arranged on tube bundles were shown to enhance heat transfer, especially for 
laminar flow, without any noticeable increase in pressure drop. 

Keywords: thermosyphon, natural circulation loop, combined 
convection, tube bundles 

Natural circulation loops (thermosyphons), created by 
heat addition and removal from a fluid in different parts of 
the system, arise in many engineering applications 
including process industry, solar heating and cooling 
systems, geothermal power generation, computer  cooling, 
and some cooling modes of nuclear reactors. In the loop 
there is fluid flow due to buoyant forces that result from 
density differences between the heated and cooled parts of 
the loop. General reviews of thermosyphons including 
applications are available 1 4 

There are mainly two classes of problems of 
interest in various applications. The first is concerned 
with the heat removal or addition to the system and the 
steady-state performance of the system. The second 
problem deals with the stability of the system. Unstable 
flows are of concern where heat must be removed from the 
system, such as nuclear reactor core cooling, where flow 
reversals and flow stagnation can cause undesirable local 
temperature increases. Up-to-date literature reviews on 
mathematical modelling and stability of natural 
circulation loops are available 5'6. A one-dimensional 
analysis is usually employed, where the only space 
coordinate runs around the circulation loop, Most of the 
available theoretical approaches to natural circulation 
have treated a single loop or lumped parallel branches 
into a single equivalent loop. 

Often in applications, tube bundles are used to 
provide the source of heat addition and/or removal in a 
natural circulation loop. For  example, in a nuclear reactor 
where the core consisting of a large number of fuel rods 
acts as the heat source in the system, the natural 
circulation flow is not only important to the cooling of the 
reactor core during shutdown but also when forced 
coolant flow is interrupted. Therefore, in order to model 
the dynamic and steady-state performance not only of 
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nuclear reactor cooling but also of industrial and solar 
energy utilization systems, it is essential to understand 
heat transfer from the tube bundle to the circulating fluid. 

Previous work on heat transfer is natural 
circulation loops is applicable only to the particular 
geometry of the loop in each study and to the type of heat 
input to the system. No general conclusions can be drawn 
from the studies reported. Specifically, very little work has 
been performed on loops where tube bundles are used to 
provide the source of heat addition and the sink for heat 
removal. Gruszczynski and Viskanta v have performed 
experiments using a bundle with a triangular tube array as 
the source of heat in a vertical leg of a closed rectangular 
loop. They developed empirical correlations for the 
average Nusselt number and friction factor applicable to 
the bundle 
No other known work provides such correlations for 
natural convection circulation along tube bundles. Zvirin 
et al 8 have conducted experiments to study the effects of 
core flow resistance and power distribution modelling a 
typical pressurized water reactor. Also, for a toroidal 
loop, Damerell and Schoenhals 9 have developed heat 
transfer and fluid friction correlations. 

While the results for natural circulation flows are 
limited, forced flow results are documented for a wide 
range of tube bundle geometries. Sparrow and Loeffler 10 
have analysed longitudinal, fully developed, laminar flow 
between cylinders to determine pressure drop and friction 
factors for arrays with different porosities. Also, for 
laminar forced flow, Schmid x 1 has presented an analysis 
showing that, except for small pitch-to-diameter ratios, 
each individual tube could be considered isolated from the 
other tubes. All correlations should then be based on this 
'effective flow area' about one tube. Mohanty and Roy 12 
have found that the experimental data for the friction 
factor in laminar flow could be accurately represented by 
Blasius type correlations using the hydraulic diameter of 
one tube based on the effective flow area. Up-to-date 
reviews of fluid friction and heat transfer data for low 
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Reynolds number, forced convection flow are 
a v a i l a b l e  ] 3,14. 

In many pwr (pressurized water reactor) fuel 
assemblies, in-tube bundle grid spacers are used to 
separate the rods and tubes, and it is essential to know 
their effect on heat transfer and pressure drop. Much work 
has been done in this respect for forced flow conditions, 
but none appears to have been reported for natural 
circulation flows. Previous results 15-~v indicate that the 
blockage in the flow created by the grid spacers increases 
the pressure drop and enhances the heat transfer due to 
mixing in the region of the spacer. 

This paper  describes natural circulation flow and 
heat transfer experiments along a vertical tube bundle. 
Flow patterns and regimes under natural circulation 
conditions were observed using flow visualization 
techniques. Empirical correlations for the average heat 
transfer coefficients and fluid friction factors under 
steady-state natural circulation flow conditions were 
developed. The effect of grid spacers on flow patterns, fluid 
friction, and heat transfer were also determined. 

Experimental apparatus 
Natural circulation loop 
The single-phase natural circulation loop used in the 
experiments is shown schematically in Fig 1. The loop is 
constructed from Kimax glass tubing and contains two 
tubular heat exchangers and associated instrumentation. 
The inside diameter of the glass tubing is 7.62 cm. To 
ensure that the manufacturer 's specification for the safe 
pressure of the glass loop is not exceeded during 
operation, a reservoir open to the atmosphere is fitted to 
one of the top flanges, allowing for normal operation of 
the loop at atmospheric pressure. The loop is insulated 
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Fi9 1 Schematic diagram of the experimental natural 
circulation loop 

with three layers of 2.54cm thick Johns-Manville 
insulation tubing on the vertical and horizontal legs as 
well as on each of the tees. 

The two tube bundles shown in Fig 1 provide a 
means for heat addition and removal using water as the 
working fluid. The tube bundle (No 1) serves as the heat 
source in the natural circulation loop, whereas the other 
tube bundle (No 2) serves as the heat sink. The inlets and 
outlets to each of the tube bundles could be interchanged, 
allowing for the possibility of using each of the tube 
bundles as heat exchangers in both counter-flow and 
parallel-flow arrangements. Dimensions and character- 
istics of each tube bundle are given in Table 1. 

Tube bundle No 1 was constructed of a cluster of 
twenty-one copper tubes 1.65 m in length arranged in a 
rectangular array, having tube diameters of 9.55 mm and 
a pitch-to-diameter ratio (pdr) of 1.33. Tube bundle No 2 

Notation 
A Cross-sectional flow area of loop components,  

defined by Eq (9) 
c Specific heat 
D h Hydraulic d iameter=  4AjPh, or 4Ar/Psh 
Dt Inside diameter of loop tube 
f Friction factor 
G Mass flow rate of circulating fluid 
Gr Grashof  number = p29fl ATw_LD3h/Ja 2 
Gr m Modified Grashof  number=pZgflq~oD4/ktaZ 
9 Gravitational constant 
h- Average heat transfer coefficient 
K Form loss coefficient 
k Thermal conductivity 
L Length of tube bundle in source leg 
ni Mass flow rate of fluid passing through tube 

bundles 

Nu Average Nusselt number on outside of tubes 
n Number  of tubes in a heat exchanger bundle 
P Perimeter 
Phi Heat transfer perimeter = nxd o 
Psh Shear perimeter = Ph~ + 2gDt 
Pr Prandtl number 
qso Average heat flux to the circulating fluid in the 

source leg of the loop 
R Effective flow resistance, Eq (2) 

Re Reynolds number = GDh/A~ 
S Pitch (spacing) of tubes in bundle 
s Spatial coordinate about the loop 
U Overall heat conductance of loop tube and 

insulation 
T Local temperature 
fl Thermal expansion coefficient of water 
e Porosity of tube bundle 
ATD Average temperature difference of the 

circulating fluid between the two vertical legs of 
the loop = ~ [T~o(x) - Tsi(X)] dx/L 

p Density of fluid or loop structural components  
P0 Density of circulating fluid at reference 

temperature 
g Dynamic viscosity of fluid 

Subscripts 

a Refers to the ambient 
f Refers to the circulating fluid in the loop 
ins Refers to the insulation 
i Refers to the fluid passing through the tube 

bundle 
t Refers to the loop tubing 
w Refers to the tube walls in the bundle 
si Refers to sink leg 
so Refers to source leg 
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Tab le  1 D imens ions  and character is t ics  of  
the  t u b e  bundles and loop 

Dimensions Tube bundle Tube bundle 
No 1 No 2 

No of tubes 21 7 
od of tubes, mm 9.55 19.05 
Tube thickness, mm 1.587 1.02 
Length of tube bundle, mm 1.651 5 1.575 
Cross-sectional flow area, 

rr~ 0.003064 0.002565 
Type of array Rectangular Triangular 
Pitch-to-diameter ratio 1.33 1.25 
Hydraulic diameter, m 

(heat transfer) 0.0195 0.0245 
Hydraulic diameter, m 

(shear area) 0.0141 0.0156 
Hydraulic diameter, m 

(equiv. flow area) 0.012 0.0138 
Length of horizontal legs 

of loop, m 1.486 1.486 
Length of vertical legs of 

loop, m 1.499 1.499 
Total volume of water in 

loop, m 3 0.2145 0.2145 
Porosity (area of 

bundle/area of loop 
leg) 0.67 0.57 

was constructed of seven copper tubes arranged in a 
triangular array with a pdr of 1.25. The arrangement 
shown for tube bundle No 1 was chosen because the array 
is similar in geometry to pwr fuel bundles. 

Heating and cooling fluid was supplied by cold 
and hot water lines along with a high pressure steam line. 
The cooling fluid was supplied by a cold water line at a 
temperature of 14_+ I°C. 

I ns t rumen ta t i on  

The loop was instrumented so that heat addition and 
removal from the loop could be determined from the 
measured working fluid temperature changes over the 
length of the tube bundles and the mass flow rates of the 
working fluid through the tube bundles. The mass flow 
rate of the circulating fluid was determined from an 
energy balance on the loop and the tube bundles at 
steady-state conditions. As a result of the low velocities of 
the circulating fluid in the loop, invasive methods could 
not be used for the measurement of the local velocity 
without disturbing the flow field. Optical methods such as 
ldv could be used for such a purpose, but the technique is 
also frought with difficulties such as a precise location of 
the test volume in a fluid which has large temperature 
gradients and a rather strong variation of the index of 
refraction with temperature. 

The loop was instrumented with copper 
constantan thermocouples. On tube bundle No 1, six 
thermocouples were placed on the outside wall of the 
central tube to measure the wall temperature along the 
length of this tube. Three thermocouples were placed on 
the outside wall of a tube adjacent to the central tube, and 
two thermocouples were placed on the outside wall of one 
of the outer tubes. The off-centre tubes were instrumented 
to determine if any differences in wall temperature 
between the central and outer tubes was evident. 

Similarly, seven thermocouples were soldered to tube 
bundle No 2: five along the central tube and two on one of 
the outer tubes. 

In addition to these thermocouples, a differential 
thermocouple was set up across each tube bundle to 
measure accurately the temperature difference of the 
heating/cooling fluid across the tube bundles. Also, in 
each header of both tube bundles, copper-constantan 
thermocouples were installed to measure directly the 
temperature of the fluid at the inlets and outlets of the heat 
exchangers. Thermocouples were installed on both ends 
of each of the horizontal connecting legs to measure an 
approximate bulk mixed mean temperature (within 
experimental error) of the circulating fluid in the loop at 
each cross-section. The wall temperatures of the 
containment tubing were measured by installing eight 
thermocouples along the outer wall of the tubing at 
various locations around the loop. Fig 2 shows the 
locations of all thermocouples on the loop. 

The heating and cooling average fluid flow rates 
were measured using Brooks turbine flow meters, which 
produce a number of pulses proportional to the flow rate. 
The pulses were recorded by two Anadex digital counters. 

The fluid flow was visualized by injecting a 
fluorescent dye (flourescein disodium salt) into the 
circulating fluid. A flange connecting the lower tee to the 
vertical leg of the glass loop on the side of the heat source 
was modified to allow for dye injection with a syringe. 

Test p rocedure  

The loop was filled with deionized water. The copper tube 
heat exchangers in the source and sink legs were 
connected to the heating and cooling fluid lines, 
respectively. The valves controlling the flow in the heating 

--~ F 0.15Z m 

• Thermocouple locations 

Fig 2 Location of thermocouples in the loop 
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and cooling fluid lines were opened to initiate flow of the 
working fluid through the heat exchangers. The 
temperature of the heating fluid was controlled by 
changing the rate at which steam was mixed with cold 
water. The flow rates of the fluid passing through both 
heat exchangers could easily be controlled by adjusting 
the gate values in both lines, and were constant (within 
_ 5%) for the test runs. 

A series of steady-state tests were run in succession 
to assure similar ambient conditions for each set of tests. 
Steady-state conditions were reached when all the 
temperatures monitored showed no change, except for 
fluctuations over a period of 5 minutes. A typical steady- 
state run consisted of fifteen to sixteen tests at different 
heating rates. 

Readings were recorded and averaged over 5- 
minute intervals because of temperature and flow rate 
fluctuations. Ten temperature readings at 30 s intervals 
were taken at each condition and averaged. An average 
value of the pulses per second from the turbine flow meters 
was obtained from the total number of pulses over this 
time period. 

A similar series of steady-state tests was performed 
after egg-crate type grid spacers had been arranged on 
tube bundle No 1. A total of four grid spacers were 
inserted over tube bundle No 1, spaced at intervals of 
53 cm. A schematic diagram of the spacer grids is shown in 
Fig 3. 

Analysis 
Physical model and assumptions 

When the hot and cold vertical legs of a natural 
circulation loop are connected as in Fig 1, the flow in one 
communicates with the other. A pumping action due to 
the difference in the average density in the two legs is 
present. This is the forced convection component. In other 
words, the phenomenon in the loop is forced convective, 
but locally in each of the vertical legs natural convection 
supports or opposes forced convection. Forced 
convection cannot occur if the two vertical legs are not 
connected, irrespective of the heat addition or removal. 

A mathematical model has been developed to 
predict the thermal performance of a single-phase natural 
circulation loop, shown in Fig 1. A one-dimensional 
model, where the only space coordinate, s, runs along the 

Fig 3 Egg-crate type grid spacers: top view on the left and 
side view on the right 

components of the loop is adopted to describe the spatial 
dependence of the mass flow rate and temperature 4'8. The 
temperature is, then, the cross-sectional average in each 
component of the loop. 

To describe mathematically the thermal 
performance of a natural circulation loop, we apply the 
principles of conservation of mass, momentum and 
energy to a differential volume element of fluid or 
structural component. The Boussinesq approximation is 
adopted, ie the density of the fluid is considered constant 
in the governing equations except in the buoyancy term. 
The other fluid properties are assumed constant, which is 
justifiable for the small temperature variations expected. 
Separate energy balances are made on the working fluid, 
the tube bundle, the circulating tube, the loop piping and 
the insulation. Axial heat conduction (in the s-direction) 
along the internal structural components comprising the 
loop, as well as the circulating fluid, are neglected in 
comparison to advection or convection. Kinetic and 
potential energy changes of the circulating fluid are 
negligible in comparison to advection, and are ignored. 

Mathematical model 

Under steady-state conditions, and assuming that the 
circulating flow is incompressible, from the equation of 
mass conservation it is apparent that the mass flow rate of 
the circulating fluid is constant. Following the analysis of 
Zvirin 4, the momentum equations for each leg of the loop 
were integrated over their respective lengths. This yields 
the momentum equation for the entire loop: 

RG2/2p=,og~L2If:~o(s)dx-ff ~i(s)dx ] 
= pogflZL AT D (1) 

where ATD is the average temperature difference of the 
circulating fluid between the two vertical legs of the loop, 
and R is the effective flow resistance parameter and is 
composed of the sum of the frictional and form losses, 

~-~2 + 2. ~ (2) R = ~ f .  Li ,~Kj  
• t . . h i Z l  i j " ~ j  

The energy equation must be written for each 
component of the indivual legs of the loop. For the 
vertical leg of the loop containing heat exchanger No 1, an 
energy equation was written for the fluid flowing through 
the tube bundle, the tube walls of the heat exchanger, the 
circulating fluid, the glass walls, and the insulation. Under 
steady state conditions the energy equations for the 
components become: 

Working fluid 

dri 
rhc ~ss-- = hiPin( Tw -- Ti) (3) 

Tube bundle 

h, P~n( T i - Tw) - hfPrn(Tw - T0 = 0 (4) 

Circulating fluid 

Gc ~ = hfPrn( Tw - 7~) - UtPt(r f -  Ta) (5) 
QS 

The heat transfer rate to the circulating fluid is 
determined from Eq (3) from the knowledge of the 
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temperature difference and the mass flow rate of the water 
flowing through the heat exchangers. The mass flow rate 
of the circulating fluid is determined by equating the heat 
capacity rates of the fluid flowing through the test bundle 
and the circulating fluid passing axially over the bundle. 

Local temperatures of the fluid flowing through 
the heat exchangers were calculated knowing the inlet and 
outlet temperatures for turbulent, hydrodynamically fully 
developed, thermally developing flow is, and then 
adjusting a constant in a correlation for the convection 
heat transfer coefficient h~ so that a numerical solution of 
Eq (3) results in a calculated outlet temperature equalling 
the measured one. 

Local heat transfer rates were calculated from the 
knowledge of the local heat transfer coefficients inside the 
tubes, the corrected local temperatures for the fluid 
flowing through the tubes, and the measured local tube 
wall temperatures. 

An iterative procedure was used to determine both 
the local temperatures and local heat transfer coefficients 
for the circulating fluid. Initially, local temperatures for 
the circulating fluid in the source leg were assumed. Local 
values for the heat transfer coefficient on the outside of the 
tubes could then be determined from Eq (4). Then, from 
Eq (5), new values for the working fluid temperatures were 
determined based on the calculated values for the local 
heat transfer coefficients. This procedure was repeated 
until all of the local temperatures and heat transfer 
coefficients converged. 

The hydraulic diameter used in the above 
development was defined as 

Dh =4A/Pht or Dh =4A/P~, (6) 

The perimeter for shear and heat transfer, P,,, and the 
perimeter for heat transfer, Ph, are defined as 

Psh = n~do + ~D, (7) 

and 

Ph~ = nTrdo (8) 

For the tube bundles in each of the vertical legs, the 
hydraulic diameter is typically based on the equivalent 
flow area around one tube 1°'1 x. In a square array bundle, 
this flow area is 

A = S z - ~dZo/4 (9) 

where S is the pitch or spacing of the tubes in the bundle. 
The perimeter for heat transfer is simply the outer 
perimeter of one tube, assuming that heat transfer does 
not vary from tube to tube in the bundle. 

R e s u l t s  and  d i s c u s s i o n  

Steady-s ta te  tests in absence of grid spacers 

The effect of the heat exchanger flow arran2ement, heat 
exchanger flow rates, and heating rates on J eat transfer 
and fluid friction for longitudinal natural cir ulation flow 
through a tube bundle was determined. I.is~ zd in Table 2 
are the conditions for each of the tests. 

Flow visualization and fluid frict;o:~ 

The flow was observed to be stable in all cases. Also, the 
circulating fluid flow rate was observed to increase/ 
decrease almost instantaneously (within 5 seconds) after a 

Table  2 S u m m a r y  of  s teady-s ta te  tests 

Data set Yn, kg/s of fluid Tube bundle No 1 
Arrangement 

Cooling Heating 

A 0.050 0.15 Counter-flow 
B 0.050 0.09 Counter-flow 
C 0.090 0.15 Counter-flow 
D 0.050 0.15 Parallel-flow 
E 0.050 0.09 Parallel-flow 
F 0.090 0.15 Parallel-flow 
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Fig 4 Dependence of the Grashof number based on 
driving temperature difference on the Reynolds number 

step increase/decrease in the heating rate was 
implemented. 

Flow visualization experiments showed a definite 
transition region from laminar to turbulent (mixed) flow. 
On the average, the transition from laminar turbulent 
flow occurred when 

G r = 6 . 6 x  l0 s , Grm=4.8x l0 s , Re=340  

Fig 4 illustrates the relationship between the 
Reynolds number, Re, and the Grashof  number, GraTD, for 
the counter-flow and parallel-flow arrangements. Note 
that the Reynolds number is proportional to the mass 
flow rate of the circulating fluid in the loop, and the 
Grashof  number, based on the driving temperature 
difference ATD, is proportional to the heat addition to the 
system. The results show that for identical heat addition 
rates the mass flow rate of the circulating fluid in the 
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parallel-flow arrangement is greater than for the counter- 
flow case. The explanation for this observation is that for 
parallel-flow a larger temperature difference between the 
heat exchanger fluid and the circulating fluid at the 
bot tom of the source leg was measured than for the 
counter-flow case. This resulted in a larger buoyancy 
driving force, causing a higher mass flow rate of the 
circulating fluid. 

Frictional pressure drop could not be determined 
experimentally using invasive methods, because the 
velocity of the circulating fluid was too small. Therefore, 
the frictional resistances in each of the component  legs of 
the loop was determined indirectly. The analysis of the 
effective flow resistance parameter  R indicates that a plot 
of RAf 2 versus 1~Re would be a straight line of the form 7 

RA 2 = CR/Re + KT A 2 (10) 

where Af is the cross-sectional flow area and Re is the 
Reynolds number  of the circulating fluid in the source leg. 
The constant CR is composed of the individual friction 
factors for each loop component,  and KT is the total form 
loss coefficient for flow in the loop. Analysis of the data 
indicates a slope of CR = 8050 and KTA2= 1.467. The 
intercept is nearly zero, indicating that the effect of form 
losses in the loop is negligible in comparison with the 
frictional losses. 

From this value for CR, the friction factor relations 
for the individual legs of the loop can be found. Assuming 
that in each of the legs the friction factor can be 
represented as f=a/Re,  and taking the coefficients as 
aL = 43 for the horizontal connecting legs 19, and assuming 
that am --a2 since the porosities of the two bundles are 

10 4 
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,o ~ 

I0 

Forced convection 

' Mixed convection 
v 

Natural convection 

IO • iO z5 10 4 10 5 i 0  6 

c,,, r f ,  (DdL~ 

Fig 5 Dependence of Reynolds number on the product of 
Grashof and Prandtl numbers time the ratio of the 
hydraulic diameter to length of the source (flow regime 
boundaries after Ref 20) 

a vertical tube bundle under natural circulation conditions 

approximately equaP °, then a I =a2=31 .2 .  For  forced 
convection laminar flow in a tube bundle with 19 tubes in 
a square array and S/D = 1.3 (approximately the same as 
the rod bundle used in this study) a~ was found to be 27 ~ 2 

To understand better the flow and heat transfer 
regimes under natural circulation conditions, a plot of Re 
vs GrPr(Dh/L) was made and is shown in Fig 5. The 
various regimes of flow based on a correlation of these 
parameters for flow in a vertical pipe are described in the 
literature 2°. Using the hydraulic diameters in place of the 
tube diameters in both the Reynolds and Grashof  
numbers, the flow in the natural circulation loop is seen to 
fall within the mixed convection regime. 

Mixed convection does in fact exist. Consider a 
packet of fluid, initially in the source leg as was used by 
Welander 21 to describe flow instabilities. Buoyancy 
differences between the source and the sink legs cause the 
packet to circulate about  the loop. When the packet of 
fluid completes one revolution and returns to the source 
leg it will have gained momentum from the buoyancy 
forces. So, to the source leg it will appear  that the packet of 
fluid has been forced into the leg. Yet, buoyancy forces 
would still exist to drive the flow, so the particle of fluid 
passing through the source leg will be subjected to both 
forced and free convection. 

Average heat transfer coefficients 

Since unique parameters which control heat transfer in a 
natural circulation loop (as do the Rayleigh number  in 
free convection or the Reynolds number  in forced 
convection) have not been identified, different 
dimensionless parameters were tried in correlating the 
average Nusselt number data. For  all at tempts it was 
found that a better correlation could be obtained by 
plotting against Nu/Pr °43 rather than the average 

Nusselt number, Nu, alone. This finding is consistent with 
the results of a previous work 7. 

Fig 6 shows a plot of the heat transfer parameter  
Nu/Pr °'43 vs the Reynolds number  for both counter-flow 
and parallel-flow arrangements. For  counter-flow a 
correlation determined on the basis of least squares fit of 
the data was of the form 

Nu = 0.026Re °93prO.43 (11) 

For parallel-flow the following correlation was obtained, 

Nu = 0.051Re °s°Pr°43 (12) 

The dashed lines in each of the figures represent results of 
Gruszczynski and Viskanta 7 for a different tube bundle 
geometry. The difference between the two correlations 
demonstrates the dependence of the heat transfer 
coefficient on the geometry of the tube bundle. The reason 
the average heat transfer coefficient data correlate vs the 
Reynolds number is because the Grashof  number (GraTD) 
is nearly proportional to the Reynolds number (see Fig 4). 

In general, the parallel-flow arrangement resulted 
in higher Nusselt numbers than the counter-flow case for 
Reynolds numbers below 200. For  increasing Reynolds 
numbers, the average Nusselt number  for the counter- 
flow arrangement becomes progressively greater than 
that for the parallel-flow case. It appears that the 
buoyancy driving force for Reynolds numbers greater 
than 200 becomes progressively greater for the counter- 
flow case (Fig 4). 
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Another correlation for both the parallel-flow and 
counter-flow arrangement results from plotting 
Nu/Pr °43 versus the modified Grashof  number. Fig 7 
shows the plots of Nu/Pr  °'43 versus Grm for both flow 
arrangements. For  counter-flow the correlation obtained 
from the least squares fit of the data is of the form: 

Nu=O. ,,~ 0.48n 043 l i b r  m r r  • , 4 x  104<Grm<106 (13) 

For parallel flow a similar correlation results in 

Nu=O.O24Gr°m'42pr °'43, 4 x 104<Grm< 10 6 (14) 

Attempts to correlate Nu/Pr  °'43 vs the Grashof  number 
Gr resulted in much more scatter. Note that the exponent 
on the Rayleigh (Grashol) number is considerably larger 
than that usually expected for laminar or turbulent 
natural convection conditions ~9. The dependence of the 
average Nusselt number on the Rayleigh number 
resembles that for natural convection in porous media for 
which Nu ~ Ra m, where m ranges between 0.5 and 0.6922. 
A similar type of Rayleigh number dependence was noted 
earlier for tubes in a triangular array 7. 

Since mixed convection heat transfer appears to be 
prevalent in the natural circulation loop, an appropriate 
correlation of the average Nusselt number would be in 
terms of both the forced and natural convection 
parameters, the Reynolds and Grashof  numbers, 
respectively. Since a correlation had been obtained for the 
average Nusselt number vs the Reynolds number to the 
0.8 power for both flow arrangements, a plot of the 
Nusselt number times the Reynolds number to the 0.8 
power divided by the Prandtl number  to the 0.43 power 
versus the modified Grashof  number was made, and is 
shown in Fig 8. It is apparent from this figure that the data 
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Fig 8 Correlation of  heat transfer parameter 
Nu/Re°SPr  T M  with modified Grashof number 

262 Vol 6, No 4, Decembor 1985 



Heat transfer from 

from both the parallel-flow and counter-flow tests can be 
represented by a single curve, as given by the following 
correlation: 

Nu = 0.0009 l(Gr m ~Re) °" 8 GrOm .176prO.43 (15) 

The success of Eq (15) in correlating all of the 
experimental data suggests that, indeed, heat transfer 
under natural circulation conditions over a tube bundle is 
of the mixed convection type. The average Nusselt 
number is a function of both the Reynolds and Grashof 
numbers. 

Heat transfer coefficients for a bundle 
with spacers 

A set of steady-state experiments similar to those listed in 
Table 2 was performed after the egg-crate type spacers 
shown in Fig 3 were arranged on the test bundle. Only the 
effect of varying the heating rates was studied for each of 
the runs. 

Flow visualization with the grid spacers arranged 
on the bundles did not produce any unusual results. At 
low heat fluxes (Gr m < 4.8 × 105, Re < 320) the effect of the 
grid spacer on the flow was to cause mixing in the region 
immediately downstream of the spacer. The streamlines 
(for laminar flow) would then redevelop at some distance 
downstream of the spacer. For greater heat fluxes, no 
laminar streamlines formed downstream of the spacer. 
The dye mixed thoroughly with the circulating fluid. 

The average fluid friction results with and without 
grid spacers were practically the same (within 
experimental accuracy). These results were not surprising 
as the blockage ratio, e, defined as 

hgs 
E= (16) 

Ag s Jr- hf 

where Ag s is the cross-sectional area of the spacers, was 
only e =0.24 so the additional flow resistance provided by 
the grid spacer was minimal. 

The results obtained for the average heat transfer 
coefficients in the tests with grid spacers, differed 
significantly from the results obtained in the tests without 
the grid spacers. At similar conditions (ie heating rates) 
the average heat transfer coefficients were increased by the 
grid spacers. Based on the empirical correlation given by 
Yao et a117, the ratio of the local Nusselt number 
downstream of a grid spacer, Nugs, to the local Nusselt 
number which would exist if no grid spacer were present is 

Nugs - 1.0 + 5.55e z e -  o.13~x/oh), 
Nu 

1 x 104<Re< 1.55 x 105 (17) 

For the blockage ratio used in these experiments and for 
the spacing of the grid spacers, an increase of about 5% in 
the average Nusselt number for the grid spacer tests above 
the value obtained without the grid spacers is expected 
using Eq (17). 

A plot of the heat transfer parameter Nu/Pr  °'43 vs 
the Reynolds number for both counter-flow and parallel- 
flow arrangements has revealed a dependence of heat 
transfer coefficient on the flow regime 23. At low Reynolds 
numbers (Re< 100), an increase of nearly 20% in the 
average Nusselt number is obtained due to the presence of 
the grid spacers. In the transition regime (Re_~ 320), an 

a vertical tube bundle under natural circulation conditions 
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Fig 9 Comparison of  heat transfer parameter Nu/Pr  °'43 
for experiments without and with grid spacers on the tubes 

increase of only 10% is found 23. That  the heat transfer 
enhancement due to the grid spacers diminishes as the 
flow becomes mixed (irregular) is not surprising. This 
should be expected because the additional mixing 
resulting from the presence of the grid spacers would have 
a neglibie effect on the heat transfer as the fluid would 
already be well mixed. 

Plotting of the parameter Nu/Pr  °'43 vs the 
modified Grashof number yielded a correlation similar to 
that shown in Fig 8, but there was somewhat more scatter 
of the experimental data than when plotting Nu/Pr  T M  vs 
Reynolds number 23. Both the counter-flow and parallel- 
flow tests results were correlated by the empirical 
equation, 

Nu = 0.00055(Gr m/Re)°'SGr°m'2pr ° .4-3 (18) 

The equation is of the same form as Eq (15) for the bundle 
without grid spacers, and differs only in the constant and 
the exponent of the modified Grashof number. 

Conclusions 

Based on the experimental results obtained, the following 
conclusions can be made. 

1) The heating conditions investigated resulted in stable 
steady-state flows. 

2) The natural circulation flow longitudinal to the test 
tube bundle was observed to be laminar when Gr m < 
4.8 x 105 or when Re < 340. Above these values, radial 
mixing of the circulating fluid was observed. No 
recirculation of the flow at any of the thermal 
conditions studied was observed. 
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3) The frictional resistance was determined to be solely a 
function of the Reynolds number and was found to be 
predicted accurately by forced flow relations. 

4) Heat transfer in the tube bundle was in a mixed- 
convection regime. 

5) Empirical correlations for the average Nusselt 
number were developed. A more general correlation 
for relating Nu to Grin~Re is suggested. 

6) The grid spacers used in this study (~=0.24) had no 
discernible effect on the fluid friction factors. However, 
they were found to enhance the average heat transfer 
coefficients over those which would be present 
without grid spacers, especially in the laminar flow 
regime. 
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