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Experiments were performed to investigate the flow patterns and convective heat transfer characteristics in
intersecting tile gaps on space vehicles. The flow in a water channel simulates the external flow, and gaps with
a depth to width ratio of 20 are mounted as recesses in the bottom wall. A "parallel" gap is installed at 18 deg
to the flow direction and ends in a perpendicular gap normal to the flow direction. Gap flow patterns and
temperature distributions are obtained as functions of the gap-width-based Reynolds number, the relative height
between tiles at the T intersection, and the temperature difference between gap and external flows, using dye
entrainment, liquid crystals, and a grid of surface thermocouples. External flow penetration into the perpen-
dicular gap was limited to roughly two gap widths while greater entrainment occurred in the parallel gap. The
18-deg angle of the parallel gap led to asymmetries about the centerline in the perpendicular gap flow patterns
and convection coefficients. Natural convection was the predominant mode of heat transfer in the bulk of the
perpendicular gap. The Reynolds number and relative tile-height differences had the strongest influence on heat
transfer and affected both the magnitude and the asymmetry of the temperature and flowfields.

Nomenclature
Dh = channel hydraulic diameter
Hs = nondimensional step height, hs/W
h = heat transfer coefficient
hs = height of step for rear tile
k = thermal conductivity
Nu = Nusselt number, hW/k
Re = Reynolds number, UWIv
Tc = average temperature of coolant
Ts = gap surface temperature (on heat exchanger)
Tx = channel water temperature
U = mean channel velocity
W = width of tile gap
X — nondimensional x, x/W
x = horizontal (spanwise) coordinate along

perpendicular gap
Y = nondimensional y, y/W
y = vertical coordinate along perpendicular gap
6 = nondimensional temperature, (Ts — TC)/(TX - Tc)
v — kinematic viscosity

Introduction

T HERMAL protection of space vehicles is accomplished
by means of an exterior layer of refractory tiles. Ade-

quate gaps are provided between tiles to allow for thermal
expansion. During atmospheric re-entry, high-speed air from
the boundary layer of the vehicle enters the gaps. Under
severe conditions, hot air can get trapped in the tile gaps and
cause overheating of the tile material. When these conditions
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are anticipated on the basis of empirical predictions, the gaps
can be filled with flexible material in order to prevent the hot
surface air from flowing into, and stagnating in, the gaps.
Modeling efforts have been in progress to predict the flow
and heating in the gaps between tiles on the space shuttle.
However, fundamental flowfield information is required to
develop accurate models that will predict heat transfer rates
at gap intersections and under various external boundary con-
ditions.

Space Shuttle tile gaps are typically 0.13-cm wide, 15-cm
long, and 2.5- to 15-cm deep. Both ends of the gap are closed
such that the gap forms a long, narrow cavity with an open
top. The external boundary layer that passes over the gap
drives the flow within the gap. The typical external boundary-
layer Reynolds number based on development length is 6000,
leading to gap Reynolds numbers on the order of 1-10.

Previous numerical models1-2 have assumed that flow in the
tile gaps is two-dimensional, with the flow direction limited
to the u and w components of velocity (i.e., flow along the
depth and length of the gap, respectively). These models do
not consider three-dimensionalities in the flow caused by com-
plex geometries, such as the intersection of one gap with a
perpendicular gap. Before the numerical models can be mod-
ified to solve for three-dimensional, unsteady gap flows, these
flow features need to be documented experimentally. A num-
ber of boundary conditions such as the external flow Reynolds
number can be expected to strongly affect flow within the tile
gaps. The laminar or turbulent nature of the external flow
could govern the unsteadiness induced in the gaps. Previous
studies with parallel ribs and rectangular cavities (for instance,
Neary and Stephanoff3) have shown that vortices induced in
gap flows are oscillatory in nature.

The flow at the T intersection between perpendicular tile
gaps has not been previously studied. However, several stud-
ies in the literature have investigated lid-driven cavity flow
which bears a resemblance to the present problem, with one
important difference. Lid-driven cavity flows have a known
driving velocity imposed at the top of the gap using devices
such as constant-speed belts. In the present study, on the other
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hand, the velocity (U) appearing in the Reynolds number is
merely the external flow velocity; the actual velocity at the
top of the gap could be much smaller than U, due to the effect
of the external boundary layer. The present flow would thus
be better characterized as shear-driven.

Steady flow within rectangular cavities perpendicular to the
flowfield was investigated analytically and experimentally by
Pan and Acrivos.4 The gap aspect ratio (depth-to-width) ranged
from 0.25 to 10, and the Reynolds number (UWIv) range was
20-4000. At low Reynolds numbers (Re < 400), inertial forces
were neglected and a similarity solution was used to solve for
the flowfield. The primary vortex remained unaffected by the
depth of the gap for aspect ratios greater than 2. Additional
vortices with alternating circulation were formed beneath the
primary vortex for the deeper cavities; as the gap was tra-
versed downwards, vortex size decreased slowly while vortex
strength decreased rapidly. The size of the primary vortex
was 1.4 gap widths for aspect ratios greater than 2. For infinite
cavities (aspect ratio of 10), the primary vortex was found to
grow with Reynolds number for Re > 800, with its size be-
coming proportional to Re°5 in the range 1500 < Re < 4000.

Rhee et al.5 studied a similar configuration, but with an
added temperature gradient imposed by cooling the cavity at
the bottom. The aspect ratio of the gap was one, and the
Reynolds number range 1000-35,000. Liquid crystals sus-
pended in water were used to visualize the flow patterns in
the cavity. It was found that the time-averaged equilibrium
flow structure in the thermally stratified case was character-
ized by several additional circulation cells in the cavity, rel-
ative to the isothermal case. A synthesis of qualitative and
quantitative results describing the flow in this thermally strat-
ified lid-driven cavity flow with unity aspect ratio is presented
in Koseff and Street.6 The flow was shown to be strongly
three-dimensional, and turned unsteady at higher Reynolds
numbers.

A large body of literature has dealt with flow over a back-
ward-facing step. Many of these studies (for instance, Jaroch
and Fernholz7) have shown that even in nominally two-
dimensional flows over rib-like obstacles, three-dimensional-
ities are significant and cannot be neglected.

The motivation for the present study was to provide ex-
perimental underpinnings for the numerical modeling effort
underway at NASA for thermal control of the Aeroassist
Flight Experiment (AFE) vehicle. The unique shape of this
vehicle renders the perpendicular tile gaps to be at a 72-deg
angle. One such tile-gap intersection is modeled experimen-
tally in the present study. In this simulation, the gap width
and depth are scaled up by a factor of 5 in order to obtain
detailed flow information; the ratio of width-to-depth, how-
ever, is matched with the actual conditions. The working fluid
is water which has a kinematic viscosity roughly five times
that of air.

The objective of this investigation was to gain a qualitative
understanding of the flow patterns within narrow gaps under
different geometric and external boundary-layer flow condi-
tions. The parameters of study were the external flow Rey-
nolds number (UDJv), the relative height between tiles at a
T intersection, and the temperature difference between gap
and external flow. The experiments included flow visualiza-
tion to study the flow patterns, as well as the use of liquid
crystals and surface thermocouples to determine the temper-
ature distribution within the gaps. A three-dimensional finite
element analysis was performed on the gap walls to obtain
surface temperature gradients and heat transfer coefficients.

Experimental Setup and Procedures
An open-loop, constant-head water channel was used for

the experiments. A schematic of the flow loop is shown in
Fig. 1. Details of operation of the flow facility are provided
in Garimella and Eibeck.8 The channel is rectangular (36.6-
cm wide by 4.2-cm high by 180-cm long) with an aspect ratio

of roughly 9 to 1, and is made of Plexiglas® for optical access.
Careful flow conditioning upstream of the test section ensures
uniform flow across the channel cross section.

The intersecting gaps were incorporated into a hatch that
forms the bottom wall of the test section, as shown in Fig. 2.
The cavities are simulated by Plexiglas enclosures as shown.
The T intersection studied is between so-called parallel and
perpendicular gaps. The parallel gap is oriented at an angle
of 18 deg to the channel flow direction and ends in a per-
pendicular gap that is at right angles to the flow direction.
The gaps are 0.635-cm (0.25-in.) wide and 12.7-cm (5-in.)
deep. The aspect ratio of these gaps is identical to the actual
tile gaps which are 0.127-cm wide and 2.54-cm deep. The
spanwise extent of the perpendicular gap is 25.9 cm while the
length of the parallel gap is 40 cm. The end-wall effects for
both gaps should be negligible according to Koseff and Street.9
A stainless-steel heat exchanger installed in each gap provides
the requisite temperature differences between external bound-
ary-layer flow and gap flow. Coolant is circulated through
passages milled in the heat exchangers which form one wall
of each gap; the opposite Plexiglas wall of each gap provides
visual access.

The intersecting-gap configuration thus obtained differs from
the actual tile gaps in that only one side of each simulated
gap is heated. Though this changes the boundary condition,
this arrangement of heat exchangers was necessary for pro-
viding visual access. Moreover, the more significant require-
ment of establishing a temperature difference between the
gap and channel flows is satisfied. Results presented in this
article must be understood in the light of this difference be-
tween the simulated and actual situations.

Flow visualization was accomplished by entraining sheets
of dye (neutrally buoyant methylene-blue solution) into the
channel flow from dye slots as shown in Fig. 1. Dye flow
patterns were recorded on a video camera. Temperatures on
the gap wall were visualized using liquid crystals. A cholesteric

Flow
Conditioning

Rotameters

Dye '
Injection Intersecting Tile Gaps

Fig. 1 Schematic of the test facility.

Heat Exchangers
___________________/\

Flow

Perpendicular Gap

Obtuse (108°) side

Bottom Hatch
All dimensions in cm

Fig. 2 Plan view of the intersecting tile gaps recessed into the bottom
hatch (visual access to gaps in frontal view).
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Fig. 3 Thermocouple locations on the perpendicular gap heat ex-
changer.

liquid-crystal solution with event temperatures ranging from
12 to 13°C was used. Temperature measurements were also
made using thermocouples epoxied to the heat exchanger
surface. Thirty-three thermocouples (T type, 30 gauge) were
used to obtain gap wall temperatures at locations as shown
in Fig. 3. The uncertainty in temperature measurement using
these thermocouples was determined to be approximately
±0.5°C. Inlet and outlet fluid temperatures in the channel
and heat exchangers were also measured using thermocou-
ples. All thermocouples were directly monitored using a Fluke
Helios I computer front end hooked up to an IBM PS/2 com-
puter.

The experiments were conducted at four channel flow rates
with gap Reynolds numbers (UW/v) of 90, 145, 200, and 290,
and for heat exchanger coolant temperatures of 0,5, and 10°C,
at a nominal freestream temperature of 25°C. Tests were also
run at zero flow rate. To study the influence of height dif-
ferences between tiles at the T intersection, the height of the
perpendicular tile was increased by 0, 0.5, 0.75, and 1 gap
widths. This was accomplished by attaching appropriate shims
on the downstream wall of the perpendicular gap, on top of
the heat exchanger (see Fig. 2). Temperature readings were
recorded once every 10 s and averaged over a 10-min period,
after first allowing approximately 1 h for the system to reach
steady state.

A three-dimensional finite element program was developed
to analyze the temperature data and calculate heat transfer
coefficients. The three-dimensional steady-state conduction
equation was solved in the perpendicular heat exchanger with
global conservation of energy. Local heat fluxes at the surface
of the heat exchanger, which forms the wall of the perpen-
dicular gap, were calculated. These were then used to cal-
culate convection coefficients with the channel exit temper-
ature as reference.

A finite element approach was necessary in order to handle
the complex geometry of the heat exchanger as well as the
irregular mesh of surface thermocouple locations shown in
Fig. 3. The measured temperatures at these locations supplied
the boundary conditions for the two active sides (top and front
face) of the heat exchanger. Measurements of the heat-
exchanger coolant temperature were used for the third surface
(back face). The remaining three sides in contact with the
Plexiglas encasement were assumed to be perfectly insulated.
Other details of the finite element calculations are provided
in Shollenberger.10 The accuracy of the code was checked by
verifying the results with a two-dimensional calculation for
which a closed-form analytical solution was available.

Results and Discussion
The flow visualization and heat transfer results from this

study shed light on the major features of the flow within tile
gaps. Flow visualization results are presented first, followed
by heat transfer results obtained using liquid crystals and ther-
mocouples.

Flow Patterns
A synthesis of the observations from the flow visualizations

using dye entrainment is presented here. Some portion of the
main channel flow is entrained into the parallel gap for all
flow rates. Even when the channel flow is turbulent, the flow
appears to relaminarize after penetrating roughly two gap
widths (W) into the gap, and proceeds towards the perpen-
dicular gap. On reaching the intersection with the perpen-
dicular gap, the flow turns preferentially into the obtuse (108-
deg-angle) side of the perpendicular gap, eventually flowing
upward towards the top of the gap. The bottom corner of the
obtuse side of the perpendicular gap remained free of dye for
all flow rates tested. Closer to the centerline of the gap, how-
ever, in a region half the gap width in each direction, the
parallel flow penetrates the perpendicular gap along the entire
depth, with the impingement velocity ranging from zero at
the bottom to the channel velocity at the top.

The perpendicular gap has two interacting flow compo-
nents. The channel (external) flow penetrates this gap, form-
ing a primary vortex roughly 1.5W deep. The entrained flow
from the parallel gap pushes this vortex out into the main
flow every 2-5 s, thus leading to a periodicity in the vortex
formation. The primary vortex in the acute (72-deg angle)
side of the perpendicular gap is stable in contrast, since the
parallel gap flow does not effectively penetrate this side of
the perpendicular gap. The primary vortex size of 1.5 W agrees
surprisingly well with the value of I AW obtained by Pan and
Acrivos4 for gap aspect ratios greater than 2.

The addition of a step of height 1W to the top of the per-
pendicular gap heat exchanger results in the primary vortex
increasing in size from 1.5 to 2.5W. In addition, the channel
flow penetrates this gap to an increased depth of 3-4 gap
widths as shown by the presence of dye at a greater depth.
Addition of the step does not noticeably change the parallel-
gap flow patterns.

Heat Transfer
A qualitative description of the temperature field was first

obtained using liquid crystals. The event temperatures of the
liquid crystals used were in the range of 12-13°C, with colors
going from black to red to green to blue and back to black
again as the temperature increases. The coolant temperature
for liquid crystal observations was therefore set to 10°C; at
this temperature, the most widespread color changes were
observed on the parallel and perpendicular heat exchangers.
From all the liquid-crystal photographs obtained, a schematic
is derived for the temperature field in the gaps as shown in
Fig. 4. The photographs on which this schematic is based are
available in Ref. 12.

a) Parallel gap

Location of T-intersection

b) Perpendicular gap

Fig. 4 Schematic of the observed temperature field and flow patterns.



GARIMELLA ET AL.: RE-ENTRY VEHICLE TILE GAPS 647

Four circulation zones (blue regions) were visible in the
parallel gap. Other circulation regions that must be present
to satisfy the sense of the four patterns shown were not visually
observed and are not included. A higher-resolution technique
of visualization would be required to identify all the zones.
The fluid that enters the gap at the upstream end is eventually
reflected back into the main flow by the gap floor, as shown
by the arrows in Fig. 4a, which are based on the behavior of
dye streaks entrained into the flow. This upward flow interacts
with that entering the gap further downstream and gives rise
to the observed patterns. Several low-velocity regions form
in the parallel gap due to these interactions, and are seen as
red areas on the liquid-crystal-coated wall. Temperatures in
these regions are thus proportionately lower. The parallel gap
flow eventually collides with the perpendicular gap and forms
the recirculation zone shown in the bottom right of Fig. 4a.

The perpendicular gap is, in general, cooler than the par-
allel gap, signifying the relatively smaller extent of penetration
by the warmer channel flow. A narrow blue region roughly
half a gap width in depth was formed at the top of the per-
pendicular gap where the fluid is warmest, becoming cooler
approximately 1-2 gap widths down into the gap. Other warm
regions in this gap are outlined in Fig. 4b. The effect of the
slanted nature of the parallel gap is clearly visible in the asym-
metry of the temperature field in the perpendicular gap. Ad-
dition of a step of height 0.75W leads to an enhancement in
the size and brightness of colors representing the warm regions
in the central part of the gap. In addition, the blue (warm)
bands at the top of the gap now extend an additional gap
width further into the gap due to the addition of the step, for
all Reynolds numbers.

Quantitative information about the gap heat transfer was
obtained from the surface thermocouples mounted on the
perpendicular-gap heat exchanger. The choice of thermocou-
ple location was based on the information obtained from the
liquid crystals: thermocouples were concentrated at the region
of intersection of the parallel and perpendicular gaps, and
towards the top of the perpendicular gap heat exchanger, as
shown in Fig. 3. Results are presented in terms of a nondi-
mensional temperature, 0 = (Ts - TC)I(TX - Tc). The value
of 0 ranges from 0 to 1 and is proportional to the surface
temperature. Space coordinates and length dimensions are
nondimensionalized against W, which is also the length scale
in Reynolds (UWIv) and Nusselt (hWlk) numbers. The tem-
perature difference used in calculating the heat transfer coef-
ficient is (Tx - Ts). A detailed error analysis revealed un-
certainties of ± 0.05 in 0 values and ± 2.0 in calculated Nusselt
numbers.

Baseline Case
Test conditions with a gap Reynolds number of 90, a coolant

temperature of 0°C, and with no difference in height between
tiles are designated the baseline case. Subsequently, results
will be presented that highlight the influence of the three
parameters of this study (coolant temperature, Reynolds
number, and relative tile height) on the gap flow heat transfer.

The variations of 0 and Nu with horizontal and vertical
locations in the perpendicular gap are illustrated in Fig. 5.
Three important features of the perpendicular gap heat trans-
fer can be observed from this figure:

1) The temperature and heat transfer coefficient are hori-
zontally stratified and increase sharply towards the top (Y =
0) as the gap is traversed upwards.

2) The 0 and Nu profiles are not symmetric around the
centerline (X = 0) of the perpendicular gap.

3) There are significant local variations of 0 and Nu about
the centerline, in the region -1 < X < 1, and markedly so
for Y < 2.

The origin of the asymmetries appears to be primarily due
to the presence and orientation of the parallel gap. The fluid
that is cooled while traversing the parallel gap causes a

suppression of temperature where it impinges onto the per-
pendicular gap. This fluid is then projected into the obtuse
side of the perpendicular gap due to the 108-deg angle (X <
0), and enhances mixing in this part of the gap. The close
proximity of the cold heat exchanger in the parallel gap to
the centerline of the perpendicular gap also contributes to
this local suppression of temperature.

It is clear from Fig. 5 that for Y > 8, 6 takes values of 0.02,
which indicates that the temperature in these lower locations
of the gap is almost identical to the coolant temperature. The
Nusselt number in this region also lies in the 0-1 range,
indicating the absence of forced convection. Natural convec-
tion and conduction are thus the significant modes of heat
transfer in this region. This is further evidence of the obser-
vation from flow visualization that the penetration of bulk
fluid at the Reynolds numbers of this study is limited to a few
gap widths.

For the higher locations in the gap, Y = 1 and 2, a no-
ticeable increase in 6 occurs. However, Nu increases only for
Y = 1. This leads to the conclusion that the increase in 0 at
Y = 2 is a consequence of conduction along the gap (heat
exchanger) surface, and not due to an increase in convection.
At Y = 1, however, since 0 and Nu both increase, it is rea-
sonable to assume that enhanced convection is the cause. The
parallel gap-flow induced asymmetries near the centerline also
become pronounced at these y locations.

The values of 0 and Nu are much greater at the top of the
perpendicular gap than at any depth, as seen from the graph
for Y = 0. The greatest variations near the centerline also
occur at Y = 0 where direct impingement of the cooled par-
allel gap flow causes a significant suppression of 6 and Nu,
especially at X = 1. As the gap is traversed away from the
centerline in either direction, 0 and Nu increase (after an
initial dip), implying greater convective heat transfer rates.
The dips in 0 and Nu on either side of the centerline result
from the complex interactions of the impinging parallel gap
flow with the entrained channel flow and are difficult to ex-
plain.

Having examined the general features of the baseline case,
results are now presented that illustrate the influence of three
system variables on convective heat transfer in the gaps.

T=0°C; H=0; Re = 90

1.0

0.6

0.2

-10 -5 0 5 10

Horizontal Position (X)

-10 -5 0 5 10

Horizontal Position (X)

Fig. 5 Temperature and Nusselt number distribution in the perpen-
dicular gap for the baseline case.
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Effect of Coolant Temperature
Surface temperature results were obtained for three coolant

temperatures, Tc = 0, 5, and 10°C, for Re = 90, 145, 200,
and 290. The purpose of studying this parameter was to de-
termine its effect on the forced and free convection heat trans-
fer rates, as well as to verify the accuracy of the experimental
technique. The results showed that there was no discernible
effect of coolant temperature at all Reynolds numbers and
for all spatial locations. In view of this, the temperatures
obtained with the three different coolant temperatures were
used to estimate overall experimental uncertainties. The av-
erage standard deviation in measured 6 (averaged over 132
cases: at 4 Reynolds numbers, 3 coolant temperatures, and
at 33 thermocouple locations) was found to be 0.01. Based
on this independence of 9 (and Nu) on Tc, the results pre-
sented in this article are averaged values over all coolant
temperatures.

Effect of Reynolds Number
Experiments were performed at four channel flow rates

spanning both flow regimes in the channel (external flow),
with gap Reynolds numbers of 90 (laminar), 145 and 200
(transitional), and 290 (turbulent). Natural convection results
obtained with zero flow (Re = 0) are also presented in these
figures but are discussed in a later section. The variation of
6 and Nu with Reynolds number is depicted in Figs. 6 and 7,
respectively. The figures show data at four Y locations (Y =
0,1,2, and 8), and are plotted to different scales. As Reynolds
number increases, it is clear that both 6 and Nu increase in
all the plots, especially for 0 < Y < 2. The increases in 6 and
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Fig. 6 Effect of Reynolds number on the temperature distribution in
the perpendicular gap (Tc = 10°C; Hs = 0).

Nu with Re are greatest at the top of the gap, Y = 0, while
at Y = 8 and 14, changes with Re are almost negligible (note
the change in scale). The influence of Re therefore appears
limited to roughly 1-2 gap widths.

Both 0 and Nu are influenced by the asymmetry of the flow
around the centerline of the perpendicular gap. The effect of
the impinging parallel gap flow is quite pronounced in the
region around the centerline. At Y = 0,1, and 2, the shape
of the 0 vs X graph changes as Re increases. The rise in 0
with Re is much sharper at X ~ 0 and 1 than at X = -I.
The peak at the centerline shifts from X = 0 to X = I at the
higher Reynolds numbers of 200 and 290. The same trends
of variation are also found true for Nu. The small differences
in the behavior of 0 and Nu are attributable to the smearing
of temperatures at Y = 1 and 2, due to conduction in the
perpendicular heat exchanger. The increased flow towards
the obtuse side of the perpendicular gap also affects 6 and
Nu values at X > + 1. The contrast between values in the
+ X and —X portions of Figs. 6 and 7 illustrates this well.
Increasing the Reynolds number thus appears to increase en-
trainment in the parallel gap, leading to greater impingement
of cooled flow into the perpendicular gap. The direct entrain-
ment of channel flow also increases.

One other feature of the dependence of temperatures on
Reynolds number is of interest. The standard deviation of
temperatures (Ts) averaged over X at Y = 0 (the top of the
perpendicular gap) rose sharply from 0.03 to 0.79°C as the
Reynolds number was increased from 90 to 200, and leveled
off at 0.87°C at Re = 290. At a depth of one gap width (Y
= 1), the corresponding increase in standard deviation of Ts
was from 0.02 to 0.39°C. No changes in standard deviation
with Reynolds number were noticed for Y > 2. These results
may either reflect a transition in flow regimes or an increase
in the frequency at which the primary vortex formed in the
perpendicular gap is ejected into the external flow. The region
of direct influence of the channel flow appears to be limited
to a depth of about 1-2W into the gap. It is to be noted,
however, that the thermocouple readings were recorded only
once every 10 s. The standard deviations listed here should
thus not be taken to be any direct measure of turbulence
levels.
Effect of Tile-Height Differences

The influence on the gap flow heat transfer of increasing
the height of the perpendicular tile with respect to the parallel
tiles is presented next. The step heights (hs) investigated were
0, 0.5, 0.75, and 1.0 gap widths. Figures 8 and 9 depict the
variation in 6 and Nu as the relative tile height is changed.
At the top of the gap (Y = 0), there is little effect of changing
the step height on 0 and Nu. The heat transfer at this location
appears to be governed by the directly impinging channel
flow. At Y = 1, both 6 and Nu increase evenly with each
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Fig. 7 Effect of Reynolds number on Nusselt numbers in the per-
pendicular gap (Tc = 10°C; Hs = 0).
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increment in Hs ( — hsIW). Deeper into the groove, significant
increases in 0 and Nu are realized for the larger step heights
of 0.75 and 1.0. The increase in Hs causes a corresponding
increase in penetration into the gaps, and increasing rates of
convection. Thus, tile-height differences primarily alter the
thermal stratification within the perpendicular gap; asym-
metries in 0 and Nu around the centerline are largely unaf-
fected.

At a depth of Y = 8, however, the temperatures and con-
vection rates again become independent of the step height.
Thus, it appears that for step heights of Hs > 0.5, the region
of direct penetration of channel flow extends below Y = 2.
The actual depth of penetration must lie in the range 2 < Y
< 8. This increase in penetration depth with increasing step
height is in agreement with the flow visualization results dis-
cussed earlier.

Natural Convection Heat Transfer
Natural convection and conduction were found to be the

predominant modes of heat transfer in the perpendicular gap,
but for the extent of a few gap widths at the top where forced
convection plays a role. To further study natural convection
in the gap, a test case was chosen with no flow (Re = 0), at
a coolant temperature of 10°C. Temperatures (0) at zero flow
are included in Fig. 6 as a function of X (Re = 0). This enables
a comparison of the forced convection results with the no-
flow, natural convection situation. Results are presented at
Y = 0,1, 2, and 8; different Y scales were needed to properly
represent the data. Corresponding Nusselt numbers at zero
flow are included in Fig. 7.

The temperature profiles are strongly dependent on Re for
Y = 0,1, and 2, as discussed earlier. In addition, it is clear
that zero-flow temperatures in natural convection lie well be-
low those with finite channel flow rates. At Y = 8, however,
there is little change in 9 for any Re, including Re = 0. An
interesting feature of Fig. 6 is that even with no flow, the
temperatures are not independent of X, especially at Y = 0
(the top surface). The temperatures are lower near the cen-
terline and increase with distance from the centerline. At Y
= 1, 2 and 8, the temperatures are fairly uniform across X
(note that fluctuations in the profiles at Y = 8 are on a much
smaller scale than the other graphs). The reasons for the
depression in centerline temperatures for Y = 0 appear to
be twofold: 1) the presence of one end of the cold parallel
gap heat exchanger on the opposite wall; and 2) the presence
of the parallel gap itself allows for larger convection currents
to be set up near the centerline, while the rest of the per-
pendicular gap is constrained by two walls. These convection
currents bring cooler fluid from lower down in the gaps up

to the surface, near the centerline of the perpendicular gap,
causing the lower temperatures observed at Y = 0.

Just as for the temperature profiles, Nusselt numbers also
increase significantly as Re increases from 0 in the region Y
< 2, and are independent of Re at Y.= 8, as shown in Fig.
7. Fluctuations in the Nu profiles near the centerline even for
Re = 0 are similar to those found in the temperatures of Fig.
6. Treating the perpendicular gap heat exchanger as a vertical
plate in an infinite quiescent medium, the natural convection
Nusselt number would be 48 (at the top, Y = 0). The ex-
perimental value on the other hand is approximately 8 at this
location. The finite gap width therefore decreases Nu within
the gap by a factor of 6. Nusselt numbers over most of the
gap, however, are close to unity, indicating a conduction/
asymptotic regime of natural convection (MacGregor and
Emery11).

Conclusions
The flow and convective heat transfer patterns obtained in

this study are largely a result of the very narrow nature of the
gaps (depth/width = 20). Penetration of external flow into
the perpendicular gap was thus limited in most cases to roughly
two gap widths while greater entrainment occurred in the
parallel gap. Secondary flows in the perpendicular gap arose
from fluid entrained in the parallel gap and projected towards
the obtuse ( + X) side. This led to asymmetries about the
centerline in the perpendicular gap flow patterns, tempera-
tures, and convection coefficients. Natural convection was the
predominant mode of heat transfer in the bulk of the per-
pendicular gap, especially at depths of over 8 gap widths.

Of the system parameters varied, Reynolds number and
relative tile-height differences had the strongest influence on
heat transfer. This influence was, however, limited to the
primary-vortex region, i.e., to a depth of 1-2 gap widths.
These changes in the system parameters affected both the
magnitude and the asymmetry of the temperature and flow-
fields. An increase in Reynolds number from 90 to 290, or in
the height of the perpendicular tile by one gap width, caused
the penetration depth to increase to 2-3 gap widths from
between 1-2. Variation in coolant temperature had a negli-
gible effect on heat transfer coefficient.

The insight gained from the present study into the flow
patterns and heat transfer at intersections in tile gaps should
be applicable towards developing more realistic numerical
models.
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