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EFFECT O F  A SURFACE-TO-GAP TEMPERATURE DISCONTINUITY 

ON THE HEAT TRANSFER TO REUSABLE SURFACE 

INSULATION TILE GAPS 

David A. Throckmorton 
Langley Research Center 

SUMMARY 

An experimental investigation was performed to determine the effect of a surface- 
to- gap wall temperature discontinuity on the heat transfer within space shuttle, reusable 
surface insulation (RSI), tile gaps submerged in a thick turbulent boundary layer. Heat- 
t ransfer  measurements were  obtained on a flat-plate, single-gap model submerged in a 
turbulent tunnel wal l  boundary layer a t  a nominal f ree-s t ream Mach number of 10.3 and 
free-s t ream Reynolds numbers pe r  me te r  of 1.5 x lo6,  3.3  x 10 , and 7.8 X lo6.  Surface- 
to-gap wall temperature discontinuities of varying degree were created by heating the 
surface of the model upstream of the instrumented gap. The sweep angle of the gap was 
varied between 0' and 60'; gap width and depth were held constant. 
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A surface-to-gap wall temperature discontinuity (surface temperature greater  
than gap wall temperature) resul ts  in increased heat t ransfer  to the near-surface portion 
of the gap, as compared with the heat t ransfer  under isothermal conditions, while decreas-  
ing the heat t r a n s f e r  to the deeper portions of the gap. The nondimensionalized heat 
t ransfer  to the near-surface portion of the gap was found to decrease with increasing 
Reynolds number; in the deeper portion of the gap, the heat t ransfer  increased with 
Reynolds number. 

INTRODUCTION 

The space shuttle orbi ter  thermal protection system (TPS) will be a surface cover- 
ing of a nonmetallic, low-density, refractory oxide. This material ,  r e f e r r ed  to as r eus -  
able surface insulation (RSI), is capable of withstanding repeated exposure to the reentry 
environment while insulating the vehicle structure from surface temperatures in excess  
of 1500 K. T h e  material  i s  attached to the vehicle surface in a bricklike a r r a y  of square 
t i les  (15.25 c m  by 15.25 cm) which vary in thickness from about 1 to 10 centimeters 
according to the intensity of the local heating. 
thermal expansion and contraction and other deflections of the underlying s t ructure  and 

Small gaps between ti les accommodate 



also allow for thermal expansion of the tile material. 
a sound knowledge of the aerodynamic heating environment to which the RSI t i les are sub- 
jected. This knowledge must include an accurate definition of the heat-transfer distribu- 
tion within the tile gaps and a good understanding of how this distribution is affected by 
changes in the external boundary layer and tile-surface-condition variations. 

Effective design of the TPS requires  . 

As a part  of the space shuttle development program, an experimental effort has been 
focused on the shuttle-related gap heating problems. Tests  have previously been conducted 
to assess the effects on the t i le heat t ransfer  of gap width, gap edge radius, gap orientation, 
gap intersections, tile surface mismatch, boundary-layer s ta te  (laminar/turbulent), 
boundary-layer thickness, and surface p re s su re  gradient. Results of some of these inves- 
tigations a r e  reported in references 1 to 6. Each of these investigations has contributed 
to better definition of the gap heating to an RSI t i le array. However, all these tes ts  were 
conducted with models initially a t  an isothermal condition. Because convective heating 
rates within the tile gaps have been shown to  be substantially lower than those to the tile 
exterior surface, flight wall temperatures within the gaps are similarly expected to be 
substantially lower than tile exterior surface temperature.  None of the previous tes ts  
simulated this nonisothermal condition. The present investigation was conducted to assess 
the effects of a tile exterior-to-gap temperature "discontinuity" on the heat transfer to the 
t i le gap wall in a thick turbulent boundary layer. 
tion was  achieved by electrically heating a surface plate upstream of a thermally isolated, 
instrumented gap. The resul ts  of this investigation should then allow more accurate appli- 
cation of isothermal test  data for extrapolation to flight conditions. 

Simulation of the nonisothermal condi- 

Heat-transfer tes ts  were made on a single-gap model submerged in a thick turbu- 
lent tunnel sidewall boundary layer. The model was tested at  f r ee - s t r eam unit Reynolds 
numbers per meter  of 1.5 x lo6,  3.3 x 10 , and 7.8 x 10 ; the f ree-s t ream Mach number 
was  10.3. Ratios of heated-plate surface temperature to gap-wall temperature were 
nominally 1.0, 1.2, 1 .4 ,  and 1.6. Gap sweep angle was varied from 0' ( t ransverse to the 
flow direction) to 60'. 
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SYMBOLS 

C specific heat of model material, J/kg-K 
P,m 

h heat-transfer coefficient, W/ni2-K 

Stanton number NSt 

q heat- t ransfer rate, W/m2 
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Reynolds number based on wall conditions and boundary-layer momentum 
thickness 

free -st ream Reynolds number, in- 

recovery factor 

temperature, K 

time, s e c  

gap width, cm 

depth into gap, cm 

boundary-layer displacement thickness, cm 

boundary-layer momentum thickness, cm 

gap sweep angle, deg 

model material  thickness, m 

model material  density, kg/m3 

Subs c ript s : 

aw adiabatic wall 

fP flat plate 

gap gap wall 

surf heated plate surface 

t total  

W local  wall 

00 free s t r eam 
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APPARATUS AND TESTS 

Facility 

The experimental results presented herein were obtained in the Langley continuous- 
flow hypersonic tunnel. This facility, which has a 78.74-cm-square test  section, operates 
a t  a nominal f ree-s t ream Mach number of 10.3 over a range of Reynolds number pe r  

6 6 m e t e r  of 1.5 X 10 to 8.2 X 10 using air as the tes t  gas, and may be operated in either 
a blowdown o r  continuous, closed-circuit mode. To prevent liquefaction, the a i r  is heated 
by means of a n  electrical resistance tube bundle. The tunnel throat, expansion, and dif- 
f u s e r  sections a r e  all water cooled. 

Fo r  these tes ts ,  the model was mounted on the facility model injection mechanism 
adjacent to the test  section. 
a i r s t r eam f o r  model cooling o r  configuration changes while the tunnel is operating. 
mechanism also provides rapid injection of a model into the hypersonic a i r s t r eam for  the 
purpose of transient heating. 

This device allows a model to be isolated f rom the hypersonic 
The 

Model 

The model consisted of a smooth heated plate upstream of a thermally isolated, 
instrumented, thin-skin gap, A schematic drawing of the model is shown in figure 1.  
forward surface plate was fabricated from 0.3175-cm-thick b r a s s  and could be heated by 
an array of four electrical resistance heaters (one 350 W heater, and three 400 W heaters) 
attached to the backside of the plate. The heated plate was  instrumented with 15 chromel- 
alumel thermocouples, equally spaced in three arrays (fig. 2), to record bulk plate tem- 
perature.  The rear surface plate was fabricated from 17-4 P H  stainless s teel  and was 
not heated o r  instrumented. 

The 

The thin-skin gap, formed f rom 0.0406-cm type 304 stainless-steel sheet, was 
0.229 cm wide and 4.572 cm deep. 
by means of a thermal insulator and a water-cooling passage. At i t s  midspan, the gap 
was  instrumented with 21 30-gage chromel-alumel thermocouples spotwelded to the back- 
face of the gap walls (both upstream and downstream) at locations indicated in figure 2. 

The gap was thermally isolated from the heated plate 

The entire model assembly, gap and surface plates, f i t  within an adapter plate to the 
tunnel model injection system. The  adapter allowed the model surface to lie flush with 
the injection plate; thus, it became an integral part  of the tunnel sidewall during testing. 
The adapter plate was rotatable so that the gap could be tested at any sweep angle with 
respect to the flow. All thermocouples within the gap were  located at the rotation center.  

Figure 3 is a photograph of the model mounted on the facility injection mechanism 
ready for testing. 
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T e s t  Procedures and Conditions 

The transient-calorimeter technique was used to determine heat-transfer rates to 
the surface of the thin-skin gap. The model was initially isolated from the hypersonic 
a i r s t r eam,  within the injection chamber, at  a pressure equal to the test-section static 
pressure.  With the hypersonic flow established in the tes t  section, the heated plate was 
brought up to the desired temperature level. At this point, the heaters  and gap cooling 
were  turned off; and the model was rapidly injected to the tes t  position, flush with the 
tunnel sidewall. Temperature data were automatically recorded on magnetic tape by an 
analog-to-digital converter at a rate of 20 samples p e r  second f o r  a period of about 5 sec-  
onds, after which the model was retracted from the tes t  position. 

The  model was tested a t  total p re s su res  i n  the settling chamber of 2.41, 5.34, and 
12.07 MN/m2, corresponding to nominal free-stream unit Reynolds numbers p e r  me te r  

6 6 of 1.5 x lo6, 3.3 x 10 , and 7.8 x 10 . Measured velocity profiles, and momentum and 
displacement thicknesses f o r  this tunnel wall boundary layer  are reported in reference 6. 
The  momentum and displacement thicknesses at  the model center of rotation (gap thermo- 
couple location) a r e  shown in figure 4. Ratios of heated-plate surface temperature to 
gap-wall temperature 
perature of the heated plate upstream of the gap was always within *3 percent of the mean. 
Gap sweep angle A was varied between 0' (transverse to the flow direction) and 60'. 

Tsurf /Tgap were nominally 1.0, 1.2, 1.4, and 1.6. Local tem- 

Data Reduction 

The tes t  procedure of rapid injection of the isothermal (within the instrumented gap) 
model to the tes t  position provided a step input in heat t ransfer  to the thin-skin gap. Heat- 
t r ans fe r  ra tes  were determined by the transient calorimeter technique of measuring the 
t ime rate of change of the model skin temperature. For  data-reduction purposes, the 
one-half second interval of temperature data immediately following model injection was 
disregarded to allow flow conditions to stabilize in the gap. This  time is in excess  of 
that required for diffusion of vorticity and heat into the gap, as reported by Nicoll. 
(See ref. 7.) A quadratic curve was fitted, by the method of least  squares,  to the subse- 
quent 3-second interval of data f o r  each thermocouple. The long interval (3 seconds) of 
temperature-time data used for  heat-transfer rate calculation allowed measurement of 
the low heating r a t e s  found within the gaps which were not readily discernible when a 
sho r t e r  interval (1 second) of data was considered. An assessment of conduction effects 
which resulted from the long data interval, for  representative data from this tes t ,  indicates 
a maximum e r r o r  in computed heating rate of less than 10 percent. Rates of change of 
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temperature with t ime 8Tw/8t were evaluated analytically f rom the curve-fit expres- 
sions at the initial point of each curve fit. Heat-transfer rates were then computed f r o m  
the expression 

Heat-transfer data are expressed in the form of the heat-transfer coefficient h 
defined as 

Adiabatic wall temperature Taw was  computed from the expression 

where recovery factor r was  assumed equal to 0.89 f o r  the turbulent tes t  conditions. 

RESULTS AND DISCUSSION 

Basic Data 

Measured heat-transfer coefficients to the upstream and downstream walls of the 
instrumented gap a r e  presented in figures 5 to 7 f o r  all conditions of temperature ratio, 
Reynolds number, and sweep angle of the tes ts .  The data are nondimensionalized by the 
heat-transfer coefficient measured on a smooth flat plate on the tunnel sidewall at the 
location of the instrumented gap. (See appendix.) The temperature of the flat-plate 
reference model (isothermal) corresponds to a surface-to-gap wall temperature ratio 
Tsurf/Tgap of 1.0. The solid symbols in these,  and all additional figures, indicate 
extremely low heat-transfer-rate data which a r e  of questionable accuracy. These data 
are included for completeness. 

In all c a s e s  tested, the heat-transfer coefficient decreases  with increasing depth 
into the gap f o r  both the upstream and downstream gap walls, Heat t ransfer  to the down- 
s t r eam gap wall, however, is always higher than that to the upstream gap wall for  depths 
into the gap of less  than four  gap widths (z/w < 4). The higher downstream wall heat 
t ransfer  results from impingement on the downstream wall of a shear  layer  which ema- 
nates from the upstream gap corner.  At locations deeper within the gap (z/w > 5), 
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heating rates to the upstream and downstream walls a r e  approximately equal. At the low- 
es t  Reynolds number, increasing the surface-to-gap wall temperature ratio magnifies the 
difference between downstream and upstream gap-wall heat transfer.  This effect, how- 
eve r ,  is not so evident at the higher Reynolds numbers. 

A comparison of data f o r  the three values of sweep angle at  a single Reynolds num- 
ber and temperature ratio indicates a negligible effect of sweep on gap heat t r ans fe r  ove r  
the range of sweep angle of the tests. If sweep angle were increased, the gap orientation 
would change from t r ansve r se  to the flow direction to  parallel to  the flow direction as  
the sweep angle approached 90'. At A =  90°, heating to both gap walls would be expected 
to become equal at a level between those experienced by the upstream and downstream 
walls at some l e s s e r  sweep angle. The range of sweep angle considered in these tes ts  
was  insufficient to obtain data which would illustrate this trend. Therefore, the effects 
of gap sweep angle on gap heat transfer are not discussed further. 

Effects of Surface-to-Gap Wall Temperature Ratio 

The effect of a variable surface-to-gap wall temperature ratio on downstream gap- 
wall heating is illustrated in figure 8. This figure contains the basic gap data and a down- 
s t r e a m  surface data point at all surface-to-gap wall temperature ratios, superimposed for 
each Reynolds number and sweep angle of the tests. Increasing the surface-to-gap wall 
temperature ra t io  above 1.0 tends to increase the heat t ransfer  to the near-surface portion 
of the gap, while slightly decreasing the heat transfer in the deeper par t  of the gap. The 
r eve r sa l  in trend with surface-to-gap wall temperature ratio generally occurs  a t  a depth 
into the gap of between two and three gap widths (2 < z/w < 3). The faired data of fig- 
u r e  8(a), A = Oo, are plotted in figure 9 as a function of Tsurf/T 
of z/w to illustrate more  clearly the effect of the nonisothermal condition. 

for s eve ra l  values 
gap 

The phenomenon of hicreased heating to the near-surface portion of the gap, due t o  
the temperature discontinuity, is characterist ic of any boundary-layer flow over a s u r -  
face which has a s imi l a r  step decrease in wall temperature. (See ref. 8.) A step change 
in wall temperature causes a spatially instantaneous change in the boundary-layer tem- 
perature  distribution nea r  the wall and, therefore, a change in the fluid temperature gradi-  
ent at the wall. Since heat t ransfer  is directly dependent on the fluid temperature gradient 
at the wall, any mechanism which affects this gradient a lso affects heat transfer.  In this  
manner, a step increase in wall temperature will result  in decreased heat t ransfer  down- 
s t r e a m  of the temperature step, and, conversely, a step decrease in wall temperature will 
resul t  in increased heat t ransfer  downstream as w a s  observed in the present test .  The 
decreased heat t ransfer  with Tsurf /Tgap observed deep in the gap (z/w > 3)  is attrib- 
uted to a loss  of energy in the gap flow available for heat t ransfer  at these depths as a 
resul t  of the increased heating to the gap nea r  the surface.  
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Effects of Reynolds Number 

The  variation of downstream gap-wall heating with free-s t ream unit Reynolds num- 
b e r  is illustrated in figure 10 fo r  A = 0'. Increasing unit Reynolds number reduces the 
nondimensional heat t ransfer  near  the top of the gap (z/w < 2), while increasing the heat 
t ransfer  in the deeper portion of the gap (z/w > 3 ) .  The decrease in near-surface nondi- 
mensional heat transfer i s  attributed to Reynolds number dependent changes in the charac- 
t e r  of the flow separation a c r o s s  the gap. Increased in-depth heating probably results 
f r o m  increased diffusion of high energy flow deeper into the gap as a result of the increas- 
ing Reynolds number, 

The  trends of heat transfer with Reynolds number a r e  opposite to those which 
have been shown for  the temperature ratio Tsurf/Tgap. A s  Reynolds number increases,  
the impact of nonisothermal temperature conditions on gap heat t ransfer  is lessened. 

Flight Temperature and Boundary-Layer Simulation 

A comparison of the surface-to-gap wall  temperature ratios of these tes t s  with those 
expected in flight is presented in figure 11. The predicted flight temperatures (based on 
unpublished data furnished by L. H. Ebbesmeyer and H. E. Christensen of McDonnell- 
Douglas Astronautics Co.) a r e  for a lower surface body point near the vehicle nose, when 
the vehicle is a t  the peak heating point of a typical entry trajectory.  The temperatures 
result  f rom an analysis of the thermal response of the shuttle TPS makerial to a gap heat- 
ing distribution which is a correlation of previously measured isothermal model data. 
(See ref.  4.) The data resulting from the present tes t  program were obtained a t  tempera- 
tu re  discontinuity conditions more seve re  than expected in flight, and a t  temperature ratios 
which span fully those predicted for the flight case.  

Reference 4 indicates that although the boundary-layer edge Mach number and unit 
Reynolds numbers of the present tes t s  a r e  higher than those expected in flight, the 
boundary-layer displacement and momentum thicknesses provide good simulation for  a 
range of flight body-point and trajectory-point combinations. 

CONCLUDING REMARKS 

An experimental investigation has been conducted to a s s e s s  the effect of a surface- 
to-gap wall temperature discontinuity on the heat t ransfer  to reusable surface insulation 
t i le  gaps submerged in a thick turbulent boundary layer ,  The experimental program con- 
sisted of heat-transfer measurements on a single, simulated tile gap in the tunnel-wall 
boundary layer of the Langley continuous-flow hypersonic tunnel for a range of free-stream 
Reynolds numbers, gap sweep angles, and surface-to-gap wall temperature ratios.  
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Simulation of surface-to-gap wall temperature ratios expected for a reusable surface 
insulation tile in flight was good although t h e  temperature discontinuity produced for these 
tes ts  was  more  severe than will be experienced in flight. 

A surface-to-gap wall temperature discontinuity Tsurf > T ) resul ts  in increased ( gap 
heating to the near-surface portion of the gap, as compared with the heat t ransfer  under 
isothermal conditions. The magnitude of the  heating increase is directly proportional to 
the surface-to-gap wall temperature ratio. However, at depths within the gap in excess of 
three (3) gap widths, heat transfer tends to decrease with an increasing surface-to-gap wall 
temperature ratio. This decrease is attributed to a loss of energy in the gap flow at these 
depths as a resul t  of the increased heating to the gap near  the surface. 

Nondimensionalized heat t ransfer  to the near-surface portion of the gap was found 
to decrease with increasing Reynolds number. This phenomenon is attributed to Reynolds 
number dependent changes in the character of the flow separation ac ross  the gap. Increas- 
ing Reynolds number resulted in increased nondimensional heat t ransfer  to that portion of 
the gap more than three ( 3 )  gap widths from the surface. 

Heat t r ans fe r  to the upstream gap wall was always lower than that to the downstream 
gap wall f o r  depths into the gap of less than four (4 )  gap widths. At  locations deeper within 
the gap, heating ra tes  to the upstream and downstream walls were approximately equal. 

Langley Research Center 
National Aeronautics and Space Administration 
Hampton, Va. 23665 
April 15, 1976 
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Measure 

A P P ENDIX 

SURFACE REFERENCE HEAT TRANSFER 

eat t ransfer  to a smooth flat plate mounted in the sidewall o the Langley 
continuous-flow hypersonic tunnel is presented in reference 6. These data were shown to 
correlate  a s  

NStR:,:' = Constant 

F o r  the purpose of the present investigation, the correlation of flat-plate heating presented 
in reference 6 was reduced to the form 

hfp e6' 
Comparison of the measured data and this correlation equation (A2) is shown in the follow- 
ing figure. All data presented in this report  a r e  nondimensionalized by the heat t ransfer  
to a smooth flat plate as  determined by this correlation expression (A2). 

"f , I  

w 
2 111 K 
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