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ABSTRACT

Heat transfer data from several sources .i've
been assembled which show the effect of spacer
grids on local heat transfer within a rod bundle.
Both single phase (air and steam) data and two
phase (steam/water) data show heat transfer
augmentation in the grid region. Heat transfer
improvement immediately beyond the grid ranges
from a few percent to over fifty percent in
these experiments, depending on flow conditions.
The data is examined using several nondimensional
parameters which relate the above effects to
known quantities. The relative effect of the
grid on local heat transfer is altered by both
the Reynolds number, and blockage ratio. Twenty
to thirty hydraulic diameters are required before
the local effect of the grid dissipates.

Locally, both the single phase and two phase
data show the same trends. Comparison of the
single and two phase data also show some differ-
ences. Some, film boiling data indicate that
an altered heat transfer regime may exist near

, the grid. High rod heat transfer coefficients
', at the grid locations indicate either a rewet
of the rods or at least a chinge from film boiling
, to transition boiling near the spacer. The
comparison also indicates that the film boiling

. data is affected on a global as well as local
basis. This is due to the effect of the grid

i on the liquid distribution.

The data and analysis show the importance of
. spacer grids on heat transfer in rod bundles.
Evaluation of the data using nondimensional
parameters simplify prediction of the various
effects operant.

INTRODUCTION

In the lonstruction of many tube or rod
bundles, such as shell and tube heat exchangers,
or nuclear reactor fuel bundles, spacer grids
ars required to maintain bundle geometry. Spacers
may have many geometric forms ranging from simple
"warts" on the tubes or rods which maintain

rod separation to "egg-crate" type grids with
inserts to induce fluid swirl (separationmaintained
using specially formed metallic strips) to wire
wrapped rods. Besides establishing bundle geometry,
these devices also act to alter the bundle hydraulic
and heat transfer characteristics. Groeneveld'
describes the effect of grids on bundle pressure
drop and heat transfer. In gene-al, grids tend
to increase flow resistance and therefore the
bundle pressure drop, while at the same time
increasing the local heat transfer in the vicinity
of the grid.

Initially, interest in the effect of spacer
grids on local hydraulic and heat transfer behavior
was stimulated by development of the gas cooled
nuclear reactor. Several experiments'*^' using
gas as the heat transfer medium were performed
in various sized rod bundles. These studies
showed an increase in local Nusselt number just
downstream of the grid on the order of 20% to
100%. More recently, interest has increased
in the effects of spacer grids under light water
reactor accident conditions. Data under these
conditions have been presented ̂ y several authors,-™
also showing an increase in heat transfer and
perhaps rewet near the grids.

Several mechanisms may be operant near
the grids which cause this behavior. The most
obvious is the effect of the grid on the thermal
and momentum boundary layers. The grid tends
to break up the local boundary layer, increasing
the local heat transfer in the region downstream
of the grid. Since the grid obstructs the flow,
coolant velocities at the grid location are
higher than those in the unobstructed portion
of the bundle. Thus Reynolds numbers and therefore
heat transfer coefficients at the grid would
tend to be_ higher than those removed from the
grid area. The grids may also act as fins in
regions where they contact the rod or tube surface,
increasing the local heat transfer. Radiation
may also play a role in the local heat transfer
if grid surfaces are much cooler than the rod
or tube surface. Grids also act as sudden con-
tractions and expansions within the bundle and



tend to alter the local heat transfer due to
eddy generation. Other effects which are grid
design dependent may include the effects of
swirl or turbulence generation.

If the fluid is two phase (liquid-vapor)
within the bundle, the grids may alter the bundle
heat transfer characteristics by means other
than those described above. In two phase film
boiling, heated surface temperatures are high
enough to prevent intimate liquid-surface contact.
All heat from the surface is therefore first
transferred to the flowing vapor before entering
the liquid phase. Thus, some vapor superheat
or thermal nonequilibrium is normally present
in the film boiling regime. The degree of thermal

. nonequilibrium is affected by the grids in several
ways.

By acting as a flow blockage, liquid may
impact the grid and be shattered into small
droplets, increasing the heat transfer area.
Cold grids may also capture some of the liquid,
forming a film on the grid surface. Liquid
from this film may detach as droplets, altering
the liouid distribution in the flow. These
two mechanisms tend to alter the degree of non-
equilibrium within the flow. Because vapor
velocities at the grid would tend to- be higher
than those in the region where droplets were
formed, the grids would be expected to decrease
droplet sizes (increasing surface area), and
drive the flow closer to equilibrium.

The effect of the grids on thermodynamic
equilibrium in two phase flow is global, i.e.,
by changing the amount of vapor superheat in
the flow, the heat transfer characteristics
are altered all along the bundle as well as
near the grids. Thr- grids may also have local
effects in two-phase flow. Grids can cause
liquid rewet on the rod surface by acting as
a cooler region within the bundle. They may
also tend to cause increased liquid droplet
impaction near the grid surface due to increased
turbulence generation. All of these mechanisms
may play an important role in overall bundle
heat transfer.

There have been several attempts to incorporate
these effects in spacer grid heat transfer models.
Marek and Rehme9 correlated the maximum Nusselt
number ratio at the grid (the Nusselt number
ratio is defined as the local Nusselt number
divided by a Nusselt number unaffected by the •

1 spacer grid) in terms of the grid blockage ratio,
e (defined as the projected grid area perpendicular
to the flow direction divided by the unobstructed
flow area). The relationship which they found
appropriate for smooth tubes was:

= 1 + 5.55
Nu

included several of the mechanisms
described above including increased flow velocity
beneath the grid, tube to spacer radiation,
and wall-droplet heat transfer in a model which'
he compared to his two-phase tube data. Although
the experimental data were affected by conduction
in his test section, behavior near the grid
followed that of the model.

Yao'" attempted to combine the model of
Marek and Rehme with other mechanisms appropriate
to two-phase and single-phase flow. He incorporated
an empirical term which allowed the Marek and
Rehme model to be used beyond the spacer itself.
Also included in the model was the effect of
swirl production on heat transfer downstream
of the grid.

There have also been a few experimental
studies which examine individual mechanisms
operant near the grid. Ihle" has shown the
effect of the grid on global heat transfer in
two-phase flow. He first ran two-phase dispersed
flow film boiling tests in a 25-rod bundle with
all grids in place. He then removed one grid
and reran the test at the same conditions.
The surface temperatures downstream of the grid,
at distances where local grid effects should
have damped out, were always lower for the case
with the grid in place. This suggests that
the grid has altered the nonequilibrium within
the dispersed two-phase flow by altering the
liquid distribution within the flow.

The effect of grids on the local 1 iguid
distribution has been studied by Lee et al.'^io
using a Laser Doppler technique. A known droplet
distribution was injected into a test section
which contained a spacer grid. Droplet sizes
downstream of the grid were measured to determine
the downstream droplet size distribution. It
was found that the effect of the grid on droplet
sizes was pronounced.

Available data showing grid spacer effects
in rod bundles is very limited. Some single
phase air experiments were performed in support
of the gas cooled reactor, and a limited amount
of steam-water experiments show grid effects
under light water reactor accident conditions.

A detailed discussion of various grid heat
transfer effects has been presented by several
of the authors mentioned previously,5.10 ancj
will therefore not be discussed in detail here.
Rather, the object of this paper is to use available



data to isolate the parameters effecting grid
spacer influence on local heat transfer.

EXAMINATION OF SPACER GRID DATA

Table 1 shows the experiments and grid
characteristics included in this presentation.
As can be seen from Table 1, the range of grid
blockage ratios investigated is relatively narrow
(0.2 •+ 0.4). However, this does cover the range
encountered in most nuclear reactor fuel assemblies.
Since single phase flow reduce;; the number of.
variables required to characterize spacer grid
heat transfer, that data will be discussed first.

Blockage Ratio

As stated in the introduction, increasing
the blockage ratio decreases flow area, and
increases flow velocities. Increased blockage
ratio also causes increased turbulence in the
grid wake. Botii of these effects cause a larger,
peak Nusselt number ratio. Figure 1 shows air
dattf of Marek and Rehme° taken in a thrre rod
bundle using air as the heat transfer medium.
The data displays the effect of grid blockage
ratio, E on local heat transfer near the grid
for one Reynolds number. Re - 1.27 x 10-\ Increasing
the grid blockage ratio increases the local

Table 1. Spacer grid heat transfer data sources

Investigator

Marek

Hassan

Krett

Vlcek

Hoffman

Anklam

Wong

Cluss

Era

Yoder

Yoder

Morris

Lee

Ref.
no.

9

14

3

2

4

16

17

5

18

19

20

21

22

No.
rod-

3

3

7

1

. 7

64

161

tube

1

64

64

64

161

Fluid

Air

Air

Air

Air

Air

steam

steam

steam/water

steam/water

steam/water

steam/water

steam/water

steam/water

Rod
dia.
(cm)

2.12

2.12

0.76

0.8

1.91

.95

.95

.95

1.5,

.95

.95

.95

.95

Pitch to
diameter ratio

1.45

1.45

-

-

1.33

1.34

1.3

-

1.7 -

1.34

1.34

1.34

1.3

Blockage
ratio, E

0.253-
0.348

0.302-
0.348

0.303

0.24

0.23

.30

.35

.367

.30

.30

.30

.30

.35

Mass flux
(kg/ro2

ft

1.27 x 104

(.006-2.) >

(0.4-1.5) >

(1.3-2.1) x

1-80

5-30

3-23

25.4

22-38

200-800

40-260

145-1100

1-140

(Re)
s)

(Re)

: 105 (Re)

; 105 (Re)

: 105 (Re)

Several single phase gas experiments have
been designed to isolate parameters important
in grid heat transfer augmentation. Three nondimen-
sionai parameters can be identified which effect
local heat transfer in the grid region; the
blockage ratio, e, the Reynolds number. Re,
and distance downstream of the grid, X/D, Each
of these will be discussed separately.

Nusselt number. This effect has been correlated
by Yao^ using the empirical equation

Nu/Nur, (2)

recommended for Reynolds numbers above 10^.
This equation is shown as solid curves on Figure
1. As the Marek data formed part of the data
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Fig. 1. Data showing the effect of blockage
ratio on grid Nusselt numbers (Re =
127,000).

base upon which Equation 2 was developed, the
agreement is very good.

Hassan and Retime^' have also developed
a correlation for predicting heat transfer near
the grids in their gas cooled rod bundle. Their
equation for smooth tubes includes Reynolds
number, Graetz number, and blockage ratio dependence.

Nu/Nu0 = K 6z
m

(3)

where:

m = -1.855 x 10 Re e 2 Re < 3000
K = 4.42 - 1.05 log (Re) - 2.25e

m = -30.34 Re "0>253 e?
K = 0.426 + 0.1 H log (Re) - 2.25 e Re > 3000
K > 0.895 - 2.25 e

Agreement between equation (3) and their data
was very good. Comparison of equation 3 to
the Marek data is shown as dashed curves on
Figure 1.

The effect of blockage ratio on peak Nusselt
number ratio is presented in Figure 2 for single
phase experiments listed in Table 1. Equation
2 (solid line) is also shown for reference.
The data shows considerable scatter due to the
effect of Reynolds number variation. However,
the peak Nusselt number ratio increases with
blockage ratio. Equation 2 predicts this effect
to within ^ 20% for Re > 104

; The scatter in
the data shown in figure 2 is partially due
to the effect of Reynolds number described in
the next section. The data shown as (0) are
those for Re < 104 and show a much larger variation
than those for Re > 104 (D).

Fig. 2. Effect of blockage ratio on peak Nusselt
number ratio.

Reynolds Number

Figure 3 shows air data of Marek and Rehme9

and Hassan and Rehme^4 for one grid blockage
ratio, e = 0.302, and several Reynolds numbers.
Hassan's experiments were performed in the same
experimental apparatus as those of Marek. As

-5 0 5 B O 20 25
NONDIMENSIONAL DISTANCE DOWN BUNDLE (X/fc)

Fig. 3. Data showing the effect of Reynolds
number on grid Nusselt numbers (e =
0.302).

Figure 3 indicates, the magnitude of the Reynolds
number (based on unobstructed flow area) effects
the degree of augmentation, with higher Reynolds
numbers decreasing the peak Nusselt number ratio
in this instance. Alsc shown on this figure
is the prediction of Equations 2 (solid line),
and 3 (broken lines). Figure 4 shows the effect
of the Reynolds number on peak Nusselt number
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Fig. 4. Effect of Reynolds number on peak Nusselt
number ratio.

ratio for gas data listed in Table 1. At low
Reynolds numbers, an increase in Reynolds number
increases the peak Nusselt number ratio. As
Reynolds numbers increase further, the opposite
effect occurs. However, the effect tends to
diminish-as Reynolds numbers increase further.
This appears due to the grid's influence on
turbulence within the flow. In the laminar
region (Re less than •v 3 x 10-3), increasing
the Reynolds number tends to increase the turbulence
generated by the grid, increasing the peak Nusselt
number, while the undisturbed Nusselt number
remains approximately constant. As Reynolds
numbers are increased to the bulk flow
laminar/turbulent transition region, the undisturbed
Nusselt number increases rapidly, while the
peak Nusselt number changes little (as the regions
under and trail ing the grid were likely in turbulent
flow at lower Reynolds numbers) and the Nusselt
number ratio decreases. Once the entire flow
system is in turbulent flow, the increase in
peak Nusselt number ratio with Reynolds number
is less pronounced, appearing to flatten at
higher Reynolds numbers. Turbulence generation
by the grid would not be expected to impact
the local heat transfer as significantly, once
the flow is completely turbulent.

The two points located at Re = 5500, with
peak Nusselt number ratios of ̂  1,35, are steam
data of Anklam. The small amount of steam cooling
data taken near spacer grids makes it impossible
to determine whether these low ratios are due
to the fluid itself or grid characteristics
within his bundle causing a difference in the
t'""bulence generation and transition from laminar
'.o turbulent flow.

An interesting feature of the Hassan data
(Figure 3) is that the peak Nusselt number ratio
moves downstream of the grid spacer as Reynolds
numbers decrease. This behavior is typical
of the heat transfer variation seen downstream
of sudden expansions.23,24 The generation of
eddies cause flow separation and stagnation
immediately downstream of the grid. The flow
then reattaches, and the heat transfer again
increases. Increased turbulence at higher Reynolds
numbers tends to cause the flow to reattach
closer to the grid trailing edge, thus reducing
this effect.

X/D Ratio

The effect of the grid downstream of the
grid itself can be seen by examining Figure
5 which presents the Nusselt number vs. nondimen-
sional distance from the grid, X/D. Within
thirty diameters, all effects of the grid appear
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Fig. 5. Data showing the effect of distance
downstream of grid.

to dissipate. This is true for even the low
• Reynolds number cases where it might be expected
that longer distances would be required to reestab-
lish fully developed laminar flow (e.g., see
Hassan data, 1 4 Re = 1340). The Krett^ data
show somewhat shorted distances required for
the grid effects to dissipate, •>» 15 diameters.
This data was taken at relatively high Reynolds
numbers (Re > 4.5 x 104). However, the data
of Hoffman4 also taken at higher Reynolds numbers
(Re > 4.0 x 104) do not show this decreased
dissipation length. Duplicate runs by Hoffman
also, do not indicate that dissipation lengths
decrease to less than about 30 hydraulic diameters
downstream of the grid. Steam data taken by
Anklam'" also show similar behavior.



The behavior of the data vs. distance from
the grid is very much like that of boundary
: layer growth behavior, and the distances involved
(X/D ^ 20-30) are similar to those noted in
entrance length investigations.25,26 This behavior
is caused by grid destruction of the existing
boundary layer, 'and consequent rebuilding downstream
of the grid.

The effect of the grid at and upstream
of the grid location can be seen by examining
Figures 1, 3, and 5. These effects a.re limited
to approximately 2-4 hydraulic diameters upstream
of the grid and are due to both conduction within
the rod and the effect of" the flow disturbance
.upstream of the grid. These effects have been
incorporated into correlations by both Yao^
and Hassan, '•* who have used linear interpolation
between upstream and peak Nusselt number values.

Azimuthal Location

Several investigators, including Marek,^
Hassan,'*•'•• and Hoffman,'' have measured the
azimuthal variation of surface temperature in
the vicinity of the grid. This was accomplished
by using spring loaded moveable thermocouples
within the rod itsslf. Temperature measurements
could then be made at any axial and azimuthal
location. As would be expected, results of
these experiments are highly dependent on the
grid design. An example of measurements beneath
the grid taken by Marek are shown in Figure
6 as a temperature map near the grid. Temperature

• differences of about 10°C can be noted. These
azimuthal effects, however, appear to dissipate
within about 5 hydraulic diameters beyond the
grid trailing edge. The distortion in the temper--
ature profile seen at X/D = -2.1 is caused by

• the bundle geometry. The effects downstream
of the grid are clearly noted as temperatures
at the contact locations are depressed by about
10°C from the "average" temperature at a given
location. These depressions are caused by local
turbulence and eddy generation at X/D = 1.34
due to the grid contact points. The average
rod temperatures in this example are depressed
by about 25°C due to the presence of the grid.

Two Phase Flow - Local Effects •

Because of the complicated nature of two
phase flows, and the increased difficulty of
measuring local fluid conditions, much less
detailed information is available for two phase,
film boiling spacer grid heat transfer effects.
However, there havs been some rod bundle heat
transfer measurements taken near the grids under
two phase flow conditions. Grids appear to
affect the local heat transfer in two phase

S 100 (CENTERLINE
OF GRIDh

90 180 270
AZIMUTHAL ANGLE (deg)

360

Fig. 6. Temperature distribution near the grid
[9] .(trailing/leading edge of grid =
09)

flows in much the same way as they do single
phase flow. Many of the same mechanisms which
influence single phase heat transfer will also
affect the local axial profile downstream of
the grid in two phase flows.

Figure 7 shows Nusselt number ratios for
two phase data. The effect of non-equilibrium
within the flow was eliminated by examining
the behavior of dNu/d(X/D). Several slopes
were calculated for each data set. Each set
presented in Figure 7 (except Cluss) contained
data from two consecutive grid locations (only
one is shown in the Figure 7 ) . Slopes were
determined using two data points located the
same distance downstream of each grid. This
was done at several positions. If the slopes
vaired by more than ^10%, the data set was not
presented. If the slopes varied by less than
i<10%, the average slope value was used to extrapolate
the local Nu0 from the last data point upstream
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Fig. 7. Two phase heat transfer data near the
grid spacers.

of the grid shown in Figure 7. Errors in Nu/Nu0
introduced due to this extrapolation are estimated
to be approximately 5-10% at the peak Nusselt
number ratio location, and 10-15% at the end
of the heated length. Cluss' Nusselt numbers
had similar values at points away from the grid
and away from the test section ends. These
values were therefore averaged to determine
Nu0.

As might be expected, the data show considerable
scatter; however, the behavior is very similar
to that of the single phase data. Also shown
in Figure 7 is equation 2 for s = 0.3. . s shown,
prediction is reasonable, with an error of ^
30% at points beyond the grid.

One set of data shown in Figure 7 as V's,
show very high heat transfer coefficients beneath
the grid. These coefficients are an order of
magnitude larger than film boiling coefficients
under the same conditions, and indicate that
the grid has caused the rod surface to rewet,

1 or at least return to transition boiling. The'
local effects cf the grids appear to.dissipate
within approximately 30 hydraulic diameters,
the same length required for dissipation in
single phase flows. Boundary layer disruption
by the grid and consequent rebuilding downstream
of the grid also explain this two-phase behavior.
Two-phase flows, however, art complicatad by
the presence of droplets. Several analyses^7,28
have shown that droplets tend to depress the
boundary layer rebuilding process by acting
as heat sinks within the thermal boundary layer.
The available data for grid effects on film
boiling, however, are not sufficiently detailed
to show this phenomenon. Droplets emerging
from the grid area may also tend to have higher

velocities perpendicular to the rod surface
due to grid turbulence generation and may, therefore,
cause increased rod surface/droplet heat transfer,
which is normally negligible without the presence
of grids.

Two Phase Flow - Global Effects

The most difficult grid effect to either
I measure or predict is the influence of the grid
on thermal nonequilibrium within dispersed flow
film boiling. As was stated in the introduction,
this effect is global in nature, influencing
the heat transfer much farther beyond the grid
than the local effects described above. Ihle
et al.'i has shown this global influence dramati-
cally. Figure 8 shows film boiling data taken
during two transient experiments. The first
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Fig. 8. Data of Ihle [11] showing the global
effect of grid spacers on two phase
film boiling heat transfer.

experiment was run with a full compliment of
grid spacers within the bundle. The second
was run under the same conditions, except that
the mid bundle spacer was removed. Temperature
differences of "» 75°C can be seen well downstream
of the spacer. The test performed with all
spacers in place indicates lower surface temperatures
due to the effect of the grid on the liquid
distribution and therefore the degree of nonequil-
ibrium existing within the flow.

Lee et al.^,29 n a s use(j Laser Doppler
measurements to examine the liquid redistribution,
due to the presence of a wetted spacer grid.
Droplet size measurements (air/water) were taken
both before and after the spacer grid in their
unheated four-rod bundle. Two different egg
crate type spacer grid designs wer^ used. It
was shown that both grids altered the droplet
size distribution, reducing average droplet
diameters, and therefore increasing vapor/liquid
interfacial area. Lee'" described the droplet
breakup mechanism by dividing the droplets into
two groups, "large" and "small", at his measurement
sites.



The ratio of "large" droplet Sauter mean
diameter downstream of the grid to those upstream
of the grid was given by

L,2
JL.l

=0.162 We
0.75 / h \ 0.062 (4)

where We is the Weber number based on the injected
air velocity, and h is the length of the grid
spacer. The ratio of "small" droplet Sauter
mean diameters was found to be uniform and given
by

ds = 1.489 x 10',-4 (5)

The ratio of the interfacial area for the "small"
droplets after the grid spacer to that before
the grid spacer for his experiments ranged from
10 to 13, indicating a very substantial effect
of the grid on droplet characteristics. These
measured effects would tend to decreast the
degree of non-equilibrium present in heated
dispersed flowr.. These results illuminate the
results of Ihle presented earl ier, showing decreased
surface temperatures with all grids in place.
Larger interfacial area tends to reduce the
degree of thermal nonequilibrium, lowering surface
temperatures.

Lee et al.^2 has used aspirated thermocouples
within a 161 rod bundle to measure the degree
of nonequi1ibrium within dispersed flow film
boiling. Diring these experiments, droplet
size measurements' were also taken. Data was
taken with all grids in place, and the effect
of the grid on thermal nonequi librium could
therefore not be ascertained.

Very few models have been developed to
account for two-phase grid effects. The model
developed by Cluss-> was described in a preceding
section. Chiou et al.30 have also developed
a two-phase spacer grid model which includes
many of the effets discussed previously, including
radiation, convection from the grid, and the
grid's effect on droplet size. This model was
compared to FLECHT/SEASET data with the conclusion
that grid/droplet breakup behavior was important
in characterizing heat transfer within the bundle.
However, more information was needed to completely
verify the algorithm.

More experimentation is necessary to completely
identify grid effects under two phase film boiling
conditions. Both measurements of two phase
vapor temperatures and droplet sizes are needed
to completely characterize the .grid's influence
on nonequilibriura.

SUMMARY

The effect of spacer grids on heat transfer
within a rod bundle has been discussed using
data from previous experiments. Data from single
phase experiments show that three factors influence
the local heat transfer in the wake region of.
the grid. Increased grid blockage ratio tends
to increase the peak Nusselt number ratio.
Reynolds numbers affect the peak Nusselt number
differently, depending on the turbulence within
the bulk flow. Approximately 30 hydraulic diameters.

, are required for grid effects to dissipate.
Two phase film boiling data show the same local
grid characteristics as do the single phase
data. However, grids also affect two phase
flows by altering the degree of nonequilibrium
within the flow.

Nomenclature

D - hydraulic diameter (undisturbed by grid)

Gz - Graetz number (Z/D/Re/Pr)

L - distance from grid trailing edge

Nu - local Nusselt number

Nup - peak Nusselt number

Nu0 - Nusselt number undisturbed by grid

Re - Reynolds nun-ber (GD/u)

X - distance from grid'centerline

We - Weber No.

Z - distance from grid leading edge

e - blockage ratio
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