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of t h i s  study.  Data used i n  Sect ion 4 .2  a r e  based on an a n a l y s i s  o r i g i n a l l y  

performed f o r  Rockwell I n t e r n a t i o a a l  Corp. under t h e  d i r e c t i o n  of P. C. Merhoff. 
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support  provided by the  NASA Ames Research Center  under Contract  NAS~-7897 (Rev 4) 
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a r e  i n  Section 7  of t h i s  r e p o r t *  

The I n t e r n a t i o n a l  System of Units  i s  used a s  the  primary system f o r  a i l  

r e s u i ~ s  repor ted  he re in .  The r e s u l t s  a r e  a l s o  repor ted  i n  t h e  B r i t i s h  Engineering 

System 3 2  IJnits which was used f o r  c a l c u l a t i o n s  made dur ing t h e  course  of t h i s  

study.  

\ \  i I 

MCDONNELL DOUGLAS rlSTRONAUTlCS COMPANV - EAST 



TABLE OF CONTENTS 

REPORT MDC.tl248 
JSC 09651 

Sect ion Page 

1 . INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

2 . SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 
. . . . . . . . . . . . . . . . . . .  3 . DATA ASSIMILATION AND TEST PROGRAMS 6 

3.1 Data Previously Assimilated (Phase I) . . . . . . . . . . . . . . .  6 

3.2 Silica RSI Tile Tests in the JSC Laminar Duct . . . . . . . . . . .  9 
3.3 Supplemental LaRC Mach 10 CFHT Tests . . . . . . . . . . . . . . . .  17 

. . . . . . . . . . . . . . . . . . .  3.4 Edge Radius Tests at NASA JSC 22 

3.5 Single In-Line Gap Tests at Ames 3.5 Foot H.W.T . . . . . . . . . . .  22 
3.6 Test of Large Gap Panel in LaRC 8 Foot HTST . . . . . . . . . . . .  25 
3.7 RSI Tile Tests in the Ames 20 MW Turbulent Duct . . . . . . . . . .  32 

4 . DATAANALYSIS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  42 
. . . . . . . . . . . .  4.1 Analysis of Data Assimilated During Phase I 42 

4.1.1 Heat Protection Ability of Candidate Joints . . . . . . . . .  42 
4.1.2 Heating Rates in RSI Models of Gaps . . . . . . . . . . . . .  52 
4.1.3 Analysis of Mach 10 CFHT Test of Gap Model . . . . . . . . .  63 
4.1.4 Analysis of Mach 8 Variable Density Tunnel Tests . . . . . .  83 
4.1.5 Analysis of Ames 3.5 Foot H.W.T. Tests . . . . . . . . . . .  89 

. . . . . . . .  4.2 Analysis of Silica RSI Tests in the JSC Laminar Duct 97 

. . . . . . . . . . . . . . .  4.2.1 Selection of Data for Analysis 97 

. . . . . . . . . . . . . . . . . . . . . . .  4.2.2 Analysi3Method 100 

. . . . . . . . . . . . . . . . .  4.2.3 Butt Joint Heating Patterns 104 

. . . . . . . . . . . . . . .  4.2.4 Overlap Joint Heating Patterns 109 

. . . . . . . . . . . . .  4.2.5 Comparison of Heating Distributions 120 

. . . . . . . . . . . . . . . . . . . . .  4.2.6 Sensitivity Studies 120 

. . . . . . . . . .  4.3 Analysis of Supplemental LaRC Mach 10 CFHT Tests 126 

. . . . . . . . . . . . .  4.3.1 Supplemental CFHT Heating Analysis 126 

. . . . . . . . . . . . . .  4.3.2 Comparison to Original CFHT Tests 131 

. . . . . . . . . . .  4.3.3 Reynolds Number Effect on hating Rates 136 

4.3.4 Investigation of Decrease in Surface Heating at Tile Edges . 141 
4.3.5 Investigation of Tile and Calibration Plate Specific Heat 

. . . . . . . . . . . . . . . . . . . . . . . .  Differences 148 

. . . . . . . . . . . . .  4.4 Analysis of Edge Radius Tests at NASA JSC 151 

. . . . . . . . . . . . . . . . . . .  4.4.1 Analysis and Comparison 151 

4.4.2 Effect of Edge Radius on Heating to Top Surface of the Tile . 157 
iii 



RSI GAP VEATING ANALYSIS . II 
VOLUME I 

TABLE OF CONTENTS 
(Continued) 

REPORT MDC* El248 
JSC 09651 

Section Page 

4.5 Analysis of Single In-Line Gap Tests at Ames 3.5 Foot H.W.T. . . .  159 
4.5.1 Heating Patterns in Filled In-Line Gaps . . . . . . . . . .  159 

. . . . . . . . . . . .  4.5.2 Conduction Effects in Thin Skin Tile 164 

. . . . . . . . . . .  4.5.3 Surface and Gap Heating Distributions 168 

. . . . . . . . . . . . . . .  4.5.4 Normalization of Heating Rates 173 

. . . . . . .  4.5.5 Analysis of In-Line Gap Heating. Laminar Flow 173 

4.6 Analysis of LaRC 8 Foot HTST Tests oi Gap Heating Panel . . . . . .  182 
. . . . . . . . . . . . . . . . . . . . . .  4.6.1 Staggered Tiles 182 

. . . . . . . . . . . . . . . . . . . . . . .  4.6.2 In-LineTiles 185 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  4.6.3 Steps 190 

. . . . . . . . . .  4.6.4 Specific Heat and Conduction Corrections 190 

. . . . . . . . . . . . . . . . .  4.6.5 GapHeating Distributions 195 

4.7 Analysis of RSI Tile (0.635 cm Edge Radius) Tests in the Ames 

. . . . . . . . . . . . . . . . . . . .  Arc Tunnel Turbulent Duct 199 

. . . . . . . . . . . . . . . . . .  4.8 Boundary Layer Flow Conditions 211 

4.9 Comparison of Gap Heating Data from Arc Tunnel and Wind 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  Tunnel Tests 216 

. . . . . . . . . . . . .  4.9.1 Transverse Gap Heating Comparisons 216 

. . . . . . . . . . . . . .  4.9.2 In-Line Gap Heating Comparisons 221 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 . DATA CORRELATION 233 

. . . . . . . . . . . . . . . . .  5.1 Correlation Method and Data Bank 233 

. . . . . . . . . . . . . . . . .  5.1.1 Data Correlation Procedure 233 

. . . . . . . . . . . . . . . . . . . . . .  5.1.2 h/h Computation 239 e . . . . . . . . . . . . . . . . .  5.1.3 Boundary Layer Transition 242 

. . . . . . . . .  5.1.4 Specific Heat Correction of Thin Skin Data 242 

. . . . . . . . . .  5.1.5 Conduction Correction of Thin Skin Data 243 

. . . . . . . . . . . . . .  5.2 Correlations Formulated During Phase I 244 

. . . . . . . . . . . . . . . . . . .  5.3 Correlations for Edge Radius 245 

. . . . . . . . . . . . . . . . .  5.3.1 Vertical Val1 Correlations 245 

. . . . . . . . . . . . . . .  5.3.2 Correlation for Edge and Wall 252 

. . . . . . . . . . . . . . . . .  5.4 Correlations for Long In-Line Gap 252 

. . . . . . . . .  5.4.1 Correlations for Long In-Line Gap (y = 0') 252 

. . . . .  5.4.2 Correlations for Long In-Line Gaps (0' < y < 15') 258 

MCOONNELL U. OIYGLAS ASTROWAUTICS COWPANV . E n l T  



RSI GAP HEATING ANALYSIS - II 
VOLUME l 

TABLE OF CONTENTS 

(Continued) 

REPORT MDC.El248 
JSC 09651 

Section 

5.5 Correlations for Transverse Gap (Laminar and Transitional Flow) 

5.6 Correlations for Transverse Gap-Turbulent Flow . . . . . . . . 
5.7 Correlations for Gays with Steps . . . . . . . . . . . . . . . 

6. GAP HEATING CALCULATION PROCEDURE . . . . . . . . . . . . . . . . . 
7. INFLUENCE OF GAP HEATING ON TPS SIZING . . . . . . . , . . . . . . . 
8. CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
9. RECOMMENDATIONS . . . . . . . . . . . . . . . . . . , . . . . . . . 
10. REFERENCES..... . . . . . . . . . . . .  . . . . . . . . . . . .  
Distribution List. . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Page 

258 

271 

273 

279 

285 

301 

30 3 

30 5 

306 
Appendix A List of Correlation Parameters . . . . . . . . . . . . . . . . . A1 

Appendix B Tabulation of Correlation Equation 15-5. . . . . . . . . . . . . B1 

Appendix C Gap Heating Calculation Procedure Listing. . . . . . . . . . . . C1 

Appendix D Unit Conversions . . . . . . . . . . . . . . . . . . . . . . . . Dl 

LIST OF PAGES 

Title Page 

ii thru vi 

1 thru 307 
A1 thru A3 

B1 thru B3 

C1 thru C24 

Dl 

v 

WCDONNELL DOUOLAS ASTRONAUTICS COMPANY - LAST 



RSI GAP HEATING ANALYSIS - II 
VOLUME I 

: t 
I 

ABSTRACT 

REPORT MDC.El248 
JSC 09651 

Heat transfer data measured in gaps representative of those being employed 

for joints in the Space Shuttle RSI thermal protection systemp have been asoimilated, 

analyzed and correlated. The study reported herein is the second phase of an earlier 

study of gap heating phenomena reported in Reference 1. Portions of these results 

are included herein for completenest. 

The body of data under study was obtained in six NASA facilities, the Ames 

3.5 Foot Hypersonic Wind Tunnel, the Ames 20 Megawatt Turbulent Duct, the JSC 10 

Megawatt Arc Tunnel, the LaRC Mach 10 Continuous Flow Hypersonic Tunnel, the LaRC 

Mach 8 Variable Density Tunnel, and the LaRC 8 Foot High Temperature Structures 

Tunnel. Several types of gap were investigated with emphasis on simple butt joints. 

Gap widths ranged from 0.0 to 0.76 cm and depths ranged from 1 to 6 cm. Laminar, 

transitional and turbulent boundary layer flows over the gap opening were investi- 

gated. The angle between gap axis and external flow was varied between 0 and n / 2  

radians. The "contoured" cross section gap performed significantly better than all 

other wide gaps and slightly better than all other narrow gap geometries. Three- 

dimensional heating variations were observed within gaps in the absence of external 

flow pressure gradients. Interactions between heating within gaps and heating of 

adjacent top tile surfaces were observed in several tests. Also, gaps aligned with 

the flow were observed to promote boundary layer transition in tests conducted in 

the Ames 3.5 Foot Hypersonic Wind Tunnel. Heat transfer correlation equations were 

obtained for many of the teats. TPS thickness requirements with and without gaps 

were computed for a current Shuttle entry trajectory. Experimental data emplcyed in 

the study are summarized in Volume 11. 
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I VOLUME I 

1.0 INTRODUCTION 

The reusable surface insulation (RSI)* thermal protection system (TPS) for 

Space Shuttle requires gaps at RS1 joints to accommodate structural deflection 

resulting from loads and thermal expansion. In addition, allowance must be made 

for manufacturing and assembly tolerances. At room temperature, gar widths under 

current conside-ation range from 0.127 cm to 0,254 cm (0.050" to 0.10") - + 0.038 cm to 

0.076 cm (0.015" to 0.030"). In orbital operation, these may shrink to near zero 

during cold soak or grow by as much as 25%. Candidat2 tile edge radii range from 

0.076 to 0.254 cm (0.030" to 0.1"). 

The successful application of RSI material for Shuttle thermal p~otection is 

significantly affected by entry heating within the RSI gaps. Gap width, depth, 

cross section geometry, gap orientation, boundary layer state and surface mismatch 

are all known to affect convective heating within the gap and heat leakage to the 

protected substruzture. For instance, present study results indicate a 0.254 cm 

wide flush transderse butt gap increases TPS thickness requirements by approximately 

33% above the thickness rcqtiired for a TPS without gaps, 

During 1972 and 1973, extensive tests of various gap configurations were run 

by NASA to provide a data base for accurate assessment of gap heating nata were 

taken in both wind tunnels and in arc tunnels. A large segment of these data were 

analyzed and correlated to obtain methods for predicting heating in RSI gaps on 

Shuttle. Based on the correlations, the effect of gap heating on Shuttle lower surface 

TPS requirements was determined for a typical reentry trajectory. The results of 

these Phase I studies are documented in Reference 1 . 
Subsequently, additional tests were run by NASA to clarify prior data and to 

address unresolved questions. The analysis of these data on a consistent basis with 

the earlier analysis was the objective of the Phase I1 study documented herein. 

The test data sources utilized in this study are identified in Figure 1. Data sources. 

used in the earlier Phase I study are also shown, identified with an asterisk. 

NASA is continuously improving and adding tas t facilities . TI roughout this report 

we refer to testing in the JSC 10 Mu Arc Tunnel facility using a laminar duzt con- 

figuration. This duct was operated at TP2 (test position number 2). Similarly, the 

NASA personnel at Ames have several duct test facilities, and the test prograas 

eva1uat:ed in this study were performed using the 2"x9" turbulent duct f acil ity . 
--- 
* Also referred to as HRSI (High Temperature 2e:rsable Surface Insulationj 
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The following major tarks wera performed during the study: 4 
o Aseimilation of gap heating data from NASA facilities I 

o Analyois of the data to determine heating rates and seneitivitier; comparison I 
3 

of the various candidate joints 

o Correlation of the asrimilated data and the dewtlopment of a gap heating 
i 

procedure which was applied to a current Shuttle trajectory. 

j This volume describes the assimilation, analyses and correlations resuiting from 

the etudy 8s well as the conclusions derived therefrom, Volume I1 of this report i 

I 

presents the basic gap heating data including information relating to each test 

facility, run schedule, test conditions and models. 
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This study of heat transfer within RSI gaps builds upon the Phase I study re- 

sults documented in Reference 1 . As in Phase I, the Phase I1 work described herein 

was performed in three tasks, namely, data assimilation, data analysis and correla- 

tion of results. Highlights of these tasks are surmarized in this section. 

The data assimilation task entailed compilation and evaluation of the gap 

heating data from the new sources listed in Figure 1. Also, errors in some of the 

thin skin heat tranefer data assimilated during Phase I were eliminated by a new 

data reduction employing corrected specific heat values. In addition, skin conduc- 

tion corrections were establi~hed for portions of the data. The experimental data 

were read from magnetic tapes provided by the various test facilities and trans- 

c-ibed into a uniform fo~aat in a gap heating data bank. To facilitate data rc- 

tr,e\dl and analysis, 25 attribute words were assigned to each heating data point. 

These attribute words consisted of information such as test and geometry identifiers, 

instrumentation locations, flow orientation, inviscid flow conditions and boundary 

layer parameters. The SELECT computei- program, prepared during the Phase I study 

was used to assess the data bank and to prepare spec?.fic data for the subsequent 

aultiple regression analysis. The assimil~ted data are compiled in a test data 

document which is the second volume of this report. 

The data analysis task entailed performing atnumber of dive~se subtasks. In- 

cluded were reduction of temperature histories measured on RSI tiles in the JSC 

10 MW Tunnel and in the LaRC 8 Foot HTST to heat flux by means of an inverse solu- 

tion. Subsequently these data were incorporated in the data bdnk. Additional sub- 

tasks inc1.udeC graphic date presentation, data-theory comparison, sensitivity 

analysis and toundary layer calculations. End results of the analysis task in- 

cluded the identification of significant phenomena observed in the test program 

and the preparation of data for correlation. 

Reinforcement of many of the Phase I conclusions resulted from the additional 

data obtained during Phaee 11. 

Amclcg the more significant observations made during Phase I1 is that gaps 

aligned with the flow promote transition. Examination of the data taken in the 

Ames 3.5 Foot H.W.T. indicates that the transition onset occurs within the gap. 

The parametric variation of edge radius tested in the JSC 10 MW indicates that 

increased convective heating reeulta from increasing edge radius. Coupling these 

data with a complece RSI tile heat transfer analysis indic:ates, however, that the 

MCDONNELL DOUGLAS ASTRONAUT8CS CORlrPANV . E a l t  
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' I  t c  increaeed convective heating is more than offset by increased radiat1t.i 

obtained from the larger radius. 

Correlation equations for several new classes of gap heating were obtaiced 

during Phase I1 and improvements were made on several deveiofed during Phase I. 

The development of correlation equations benefited significantly by the use o? mul- 

tiple regression analysis. The correlation of transverse gap data obtained during 

Phase I has been updated by including a larger body of data. An improved correla- 

tion of in-line gaps to include flow incidence up to 51 degrees was developed using 

data from the Ames 3.5 Foot HUT. A correlation for the effect of edge radius on 

in-line and transverse gap heating was developed using data obtained in the JSC 10 

MW Tunnel. 

An automated gap heat~ng subroutine incorporating the above correlations has 

been developed. This subroutine is described in Section 6 of this report. 

A re-assessment of the influence of gap heating on TPS requirement was made 

during Phase 11. The assessment included a parametric evaluation of gap width and 

radius effect. The increase in TPS thickness caused by the presence of gaps was 

found to vary between 12% and 42%. The calculaticns are described in Section 7. 
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3. TEST PROGRAMS AND DATA ASSIMILATION 

Ten t e s t  programs c o n s t i t u t e  t h e  p r i n c i p a l  d a t a  ' . u e  f o r  t h i s  s tudy  a s  

summarized i n  F i g c r e  1 . Four of t h e s e  t e n  programs s e r e  p rev ious ly  r e p o r t e d  i n  

d e t a i l  i n  Reference 1 , b u t  a r e  summarized h e r e i n  f o r  r e a d e r  convenience.  I n  

a d d i t i o n ,  s u p p l e r ~ e n t a l  runs  were made f o r  t h e  p rev ious  t e s t s  conducted i n  t h e  LaRC 

Mach 10 Cont inuom Flow Hypersonic Tunnel (CFHT). The primary d a t a  a s s i m i l a t e d  

d u r i n g  Phase I1 r e s u l t e d  from test pidgrams conducted i n  t he  JSC Laminar Duct,  t h e  

LaRC 8 f o o t  High Temperature S t r u c t u r e s  Tunnel (HTST), t h e  Ames 20 MW Turbulent  

Duct, t h e  JSC 1 0  MW Laminar Duct and t h e  A m r s  3.5 f o o t  Hyperve loc i ty  Wind Tunnel 

(IIWT) f a c i l i t y .  

A g e n e r a l  d e 3 c r i p t i o n  of each  test program and t h e  d a t a  a s s i m i l a t e d  fo l lows .  

Add i t i ona l  i n f o m t i o n  r e l a t e d  t o  t h e  t e s t  f a c i l i t i e s ,  models,  t e s t  c o n d i t i o n s  and 

d a t a  appea r s  i n  Voluma I1 of  t h i s  r e p o r t  and Volume I1 of  Reference 1 (Phase I 

d a t a ) .  The terminology w e d  i n  t h i s  r e p o r t  t o  d e s c r i b e  gap c o n f i g u r a t i o n s  and  t i l e  

a r r angvqen t s  i s  dep ic t ed  i n  F igu re  2 . 
3.1 Data P rev ious ly  Ass imi l a t ed  (Phase I) - Gap h e a t i n g  t e s t s  were per: ed 

i n  t h e  channel  nozz l e  of  t h e  JSC 10  MW Arc Tunnel t o  provide  h e a t i n g  d a t  e 

presence  of  a  h igh  en tha lpy  laminar  boundary l a y e r .  The t e s t s  employed .. , of  

M u l l i t e  RSI t i l e  which were h e a v i l y  j r . s i r m e n t e d  on gap s u r f a c e s  and i n  depth  a t  

t h e  c e n t e r  of one t i l e  i n  cdch a r r a y .  T h i r t e e n  models employing a v a r i e t y  of gap 

and t i l e  c o n f i g u r a t i o n s  were t e s t e d .  The gaps between t h e  t i l e s  were a d j u s t a b l e  

t o  s tudy  t h c  e f f e c t s  of gap width  u s i n g  c o n s i s t e n t  s e t s  of i n s t rumen ta t ion .  Four 

gap s e t t i n g s  were employed (0.127, 0.254, 0 .381  and 0.762 cm) wi th  t i l e  t h i c k n e s s  

of 3.175, 5.08 2nd 6.35 cm. b u t t  j o i n t  s t e p  h e i g h t s  of 5 . 3 8 1  cm were a l s o  i n -  

v e s t i g a t e d .  F igure  3 summarizes t h e  ma t r ix  of c o n f i g u r a t f o n s  t e s t e d  i n  t h e  

channel  nozz l e .  The f i g u r e  a l s o  d e p i c t s  t h e  a r c  t unne l  and shows a 5.08 cm b u t t  

j o i n t  model. Temperature response  d a t a  from 36 gap l o c a t i o n s  were m a l y z e d  t o  

o b t a i n  comparisons o f  h e a t i n g  r a t e  d i s t r i b u t i o n s  u s i n g  t h e  i n v e r s e  riolutior.  tec11- 

nique .  

Gap h e a t i n g  t e s t s  were conducted i n  t h e  LaRC Mach 10 CFHT t o  provide  d a t a  i n  

t h e  presence  of a r e l a t i v e l y  t h i c k  t u r b u l e n t  boundary l a y e r .  l i l e  tests employed a 

wall-mounted s t a i n l e s s  s t e e l ,  t h i n  s k i n  "t i le" model i n  which t h e  ins t rumented  t h i n  

s k i n  t i l e  was sur rounded by an  a r r a y  o f  uninstrumenced RSL t i l e s .  "he model was 
' 

mounted on a  t u r n t a b l e  t o  pe rmi t  v a r i a t i o n  o f  f low o r i e n t a t i o n  r e l a t i v e  t o  t h e  t i l e  

f a r r a y .  A t o t a l  of 157 runs  was made u t  a  unit Reynolds number p e r  n e t e r  of 
t 
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6  3 . 2 ~ 1 0  . The t e s t  ma t r ix  inc luded n i n e  f low o r i e n t a t i o n s  (0 t o  n/2 r a d i a n s ) ,  four  

gap widths  (0.127, 0.229, 0.457 and 0.711 cm) and t h r e e  s t e p  h e i g h t s  (0,  +0.254 and 

-0.168 cm). T i l e  t h i ckness  was 6.35 cm. Figure  4  shows t h e  ins t rumented  t i l e ,  

t he  sur rounding  a r r a y  o f  uninstrumented RSI t i les and t h e  i n s t a l l a t i o n  i n  t h e  CFHT 

tunne l  w a l l .  A photograph of t h e  i n s t a l l a t i o n  i s  shown i n  Figure  5 which a l s o  

summarizes t h e  test mair ix .  Temperature response d a t a  from 8 1  thermocouples were 

analyzed t n  o b t a i n  h e a t  f l u x e s  and t o  de termine  t h e  e f f e c t s  o f  i n l i n e  ve r sus  s t a g -  

gered  t i l e s ,  gap width,  flow o r i e n t a t i o n  and s t e p s .  

Gap h e a t i n g  t e s t s  were conducted by C. B. Johnson (NASA, Langley Research Center)  

i n  t he  LaRC Hach 8  Var i ab le  Densi ty Tunnel (VDT) t o  provide  d a t a  i n  t h e  presence  of  

laminar and t u r b u l e n t  boundary l a y e r s .  The t e s t s  employed models which s imula t ed  

t h i n  s k i n  t i les  which were mounted i n  a  curved p l a t e .  Models were t e s t e d  both  i n  

t h e  f r e e  stream and mounted f l u s h  w i t h  t h e  t u n n e l  w a l l .  I n  each  model p o s i t i o n ,  t h e  

t e s t  s e c t i o n  u n i t  Reynolds number was v a r i e d  over  t h e  range of  1 . 1 ~ 1 0 ~  t o  40x10 
6  

per  meter. Both i n - l i n e  and s t agge red  t i l e  c o n f i g u r a t i o n s  were eva iua t ed  a t  gap 

widths of 0.159, 0.317 and 0.576 cm. The t i l e  geometry i s  shown i n  Figure  6 . 
Temperature d a t a  from 22 test runs was a s s i m i l a t e d  and analyzed tc o b t a i n  h e a t i n g  

p a t t e r n s  on i n - l i n e  and s t agge red  t i l e s .  

Gap h e a t i n g  t e s t s  were conducted by W. K. Lockman (NASA, Ames Research Center)  

and C.  B.  Blumer (Rockwell I n t e r n a t i o n a l )  i n  t h e  Aines 3.5 Foot H.W.T. 

f a c i l i t y  t o  provide  d a t a  i n  t h e  presence  of  laminar ,  t r a n s i t i o n a l ,  and t u r b u l e n t  

boundary l a y e r s .  The model c o n s i s t e d  of  a  68.6x152.4 cm c a r r i e r  p l a t e  i n t o  which 

61.0x106.7 cm i n s t r u n e n t e d  t h i n  s k i n  test a r t i c l e s  were i n s e r t e d .  The f i v e  i n s e r t  

c o n f i g u r a t i o n s  used i n  t h e  t e s t  program a r e  shown i n  Figure  7  . The c o n f i g u r a t i o n s  

inc luded a f l a t  c a l i b r a t i o n  p l a t e ,  a s i n g l e  t r a n s v e r s e  gap wi th  and wi thout  s u r f a c e  

s t e p s ,  m u l t i p l e  t r a n s v e r s e  gaps,  s t agge red  t i les ,  and skewed i n t e r s e c t i n g  gaps.  

Five gap s e t t i n g s  (0,  0.064, 0.127, 0.254 and 0.508) were i n v e s t i g a t e d  w i t h  t i l e  

t h i ckness  of 1, 2  and 4 cm. Bu t t  j o i n t  s t e p  h e i g h t s  of  s . 1 5 9  and 9 . 3 1 8  cm were 
'1 

a l s o  i n v e s t i g a t e d .  F igu re  7 summarizes t h e  v a r i a b l e s  t e s t e d  i n  t h e  HWT f a c i l i t y .  

Daxa from 8 1  t e s t  runs  were a s s i m i l a t e d  and analyzed  f o r  gap h e a t i n g  d i s t r i b u t i o n s .  

Analys is  of t he  above d a t a  is documented i n  S c l t i o n  4 .1  and c o r r e l a t i o n  i n  

Sec t ion  5 .  The f a c i l i t y ,  model d e s c r i p t i o n ,  t e s t  c o n d i t i o n s  and d a t a  a r e  documented 

i n  Volume I1 of Reference 1 . 
3.2 S i l i c a  RSI T i l e  Tertr i n  t h e  JSC Laminar Duct - A t e s t  program was conducted 

1 by G.  Maws (Rockwell I n t e r n a t i o n a l )  i n  t h e  JSC 1 0  MW Arc Tunnel on t e s t  pane l s  

9 
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using S i l i c a  RSI iiles f a b r i c a t e d  and instrumented by NASA Ames. The purpose of 

the  program was t o  o b t a i n  comparative thermal performance d a t a  on over lap  and b u t t  

j o i n t  des igns  and t h e  e f f e c t  of t i l e  th ickness  and gap width under simulated laminar 

flow condi t ions .  Tes t  panel  o v e r a l l  dimensions were 33x33 cm. 

S ix  runs from the  t e s t  program were s e l e c t e d  f o r  a n a l y s i s .  A l l  s i x  runs were 

made wi th  the  s taggered gap design (shown i n  Figure 8 ) c o n s i s t i n g  of 3 f u l l  and 

2 h a l f  t i l e s  with a perimeter cf  narrow guard t i l e s .  Gap widths of 0.127 and .254 

cm were evaluated wi th  RSI th icknesses  of 2.54 and 5.08 cm. Four of  the  s i x  runs 

were made on b u t t  j o i n t  models and two runs  on over lap  j o i n t  models, both  of which 

a r e  shown i n  cross-sect ion i n  Figure  9 which a l s o  inc ludes  gap thermocouple loca- 

t i o n s .  Thermocouple l o c a t i o n  and d i s t a n c e s  were measured from x-ray photographs 

of t h e  instrumented t i les. 

Tes t  cond i t ions  f o r  t h e  s i x  runs  analyzed a r e  summarized i n  Figure 10 . Arc je t  

mass flow r a t e  was 45.4 gramslsec i n  a l l  cases  and enthalpy va r i ed  from 8.58 x lo6 t o  
6 

21.95 x 10  J/Kg. A l l  runs were conducted i n  the  channel nozzle  of the  JSC 10 MW 

Arc Jet F a c i l i t y .  The t e s t  panels  were mounted i n  one w a l l  of the  channel nozzle 

and a c a l i b r a t i o n  p l a t e  was mounted on t h e  o t h e r  wa l l .  The c a l i b r a t i o n  p l a t e  served 

a s  a b a s i s  f o r  r e fe renc ing  d a t a  and a s  a b a s i s  f o r  i n v e s t i g a t i n g  anomalies. Tes t  

r e s u l t s  used i n  t h e  a n a l y s i s  cons i s t ed  of gap and plug temperature h i s t o r i e s ,  t e s t  

s e c t i o n  p ressures  and channel w a l l  temperaturea. Figure 11 i s  a t y p i c a l  s e t  of 

gap temperature h i s t o r i e s  obta ined from t h e  JSC automated p l o t t i n g  output .  Data 

were a l s o  recorded on magnetic t apes  f o r  d i r e c t  reading i n t o  t h e  CDC 6500 computer 

t o  o b t a i n  hea t ing  r a t e  d i s t r i b u t i o n s  v i a  t h e  inverse  s o l u t i o n  technique.  

Analysis  of the  above da ta  is repor ted  i n  Sect ion 4.2. The f a c i l i t y ,  model 

desc r ip t ion ,  t e s t  condi t ions  and d a t a  a r e  documented i n  V o l u ~ e  I1 of t h i s  r epor t .  

3.3 Supplemental LaRC Mach 10 CF'HT T e s t s  - Addi t ional  gap hea t ing  t e s t s  were 

conducted i n  the  LaRC Mach 10 CFHT t o  provide supplemental d a t a  t o  the  previous t e s t s  

repor ted  i n  Sect ion 3.1. The purpose of these  a d d i t i o n a l  t e s t s  was t o  s u b s t a n t i a t e  

the  c a l i b r a t i o n  d a t a  previously  measured i n  t h e  CFHT f a c i l i t y ,  t o  eva lua te  the  e f f e c t  

of zero gap width, and t o  determine t h e  e f f e c t s  on hea t ing  i n  the  gaps between the  

t i l e s  a t  tligher Reynolds namber. 

The t e s t  program employed the  same model a s  used i n  the  previous t e s t s  (see  

Figure 4 ), namely, a wall-mounted t h i n  s k i n  " t i l e "  model i n  r h i c h  t h e  inatrumented 

t h i n  s k i n  t i l e  was surrounded by an a r r a y  of u n i n s t r m e n t e d  RSI t i l e s .  Again, t h e  

model was mounted on a t u r n t a b l e  t o  permit  v a r i a t i o n  of flow o r i e n t a t i o n  r e l a t i v e  
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RSI GAP HEATING ANALYSIS - II 
VOLUME I 

REPORT MDC E l 2 4 8  
JSC 09651 

C O N F I  G U R A T I  O N  1 S T A G G E R E D  T I L E  T E S T  P A N E L  
o SILICA RSI T I L E  TESTS I N  JSC LAMINAR DUCT 

''OW GUARD INSULATION 

A 0 .025  c m  COATING (TYP) 
' 1 T  

0.025  cm RTV (TYP) 

0 .152  cm S IP  (TYP) 
0 .038  cm RTV (TYP) 
0 .152  cm AL (TYP) 

A ! I  0 .218  cm AL (TYP) 
- *  . 
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Figure 1 1  

6ICDONNCLL DOUGLAS PSTRONAUT#CS COMP4NV - E A S T  



3SI GAP HE fi,q ATiNG AN4LYSIS - 
VOLUME I 

REPORT MDC €1248 I 

JSC 09651 

t o  t h e  t i le  a r r ay .  Resu l t s  from t e n  runs were a s s i m i l a t e d  i n t o  t h e  Data Bank f o r  
, $ '  a n a l y s i s .  The t e s t  runs  were conducted a t  u n i t  Reynolds number p e r  meter  of  boch 

6  6 
3.28 x  10 and 7.38 x 10 . The test m a t r i x  inc luded  f l c .  o r i e n t a t i o n s  o f  0  and 

8 n i 2  r ad ians ,  gap widths  o f  0 ,  0.127, and 0.229 cm, and gap depths  o f  0.0 and 6.35 i 
1 

cm. Both i n - l i n e  and s t agge red  b u t t  j o i n t  des igns  were i n v e s t i g a t e d .  F igu re  12 
. t - 1 summarizes t he  test matr ix .  

I 
- i Temperature response  d a t a  from these  runs was analyzed t o  o b t a i n  h e a t i n g  r a t e  

1 

d i s t r i b u t i o n s  us ing  t h e  i n v e r s e  s o l u t i o n  technique  a s  d i scussed  i n  Sec t ion  4.3. 

The f a c i l i t y ,  model d e s c r i p t i o n ,  test cond i t ions  and d a t a  a r e  documented i n  Volume 

I f  o f  t h i s  r e p o r t .  

3.4 Edge Radius T e s t s  a t  NASA JSC - Gap h e a t i n g  t e s t s  were conducted by C. D. 

S c o t t  (NASA, Johnson Space Cents r )  i n  t he  JSC 10 MW Arc Tunnel t o  p z ~ v i d e  h e a t i n g  

d a t a  I n  t h e  presence  of a h igh  en tha lpy  laminar boundary l a y e r .  The primary purpose 

of t h e  t e s t s  was t o  i n v e s t i g a t e  t h s  e f f e c t  of t i l e  edge r a d i u s  on gap hea t ing .  

The tests x p f o y e d  s e t s  of t h in  s k i n  m e t a l l i c  t i les  mounted i n  a wedge t e s t  

f i x t u r e .  Four edge r a d i i  (0.157, 0.3175, 0.635, and 1.27 cm) were p a r a m e t r i c a l l y  

t e s t e d  a t  gap widths of  0.127, 0.254, and 0.381 c m .  I t  should  be po in t ed  ou t  t h a t  

the  t i l e  wi th  t h e  small edge r a d i u s  was o r i g i n a l l y  s p e c i f i e d  as a  s h s r p  edged t i l e  

and many of  t h e  c o r r e l a t i o n s  were i n i t i a l l y  developed us ing  t h i s  s p e c i f i c a t i o n .  

The j o i n t  c o n f i g u r a t i o n  was an  i n - l i n e  b u t t ,  and t h e  t i l e  h e i g h t  was 4.1275 cm 

f o r  a l l  t e s t s .  The t e s t  pane l  c o n f i g u r a t i o n ,  edge r a d i i  and in s t rumen ta t ion  a r e  

shown i n  Figure  1 3  . 
Test  d a t a  were r ece ived  i n  t a b u l a r  form. The a n a l y s i s  of t h e  h e a t i n g  d i s t r i -  

bu t ions  is  r epor t ed  i n  Sec t ion  4.4 and c o r r e l a t i o n  of t h e  d a t a  i n  Sec t ion  5.3. 

C o r r e l a t i o n s  f o r  edge r a d i u s  e f f e c t s  have been developed f o r  both  t h e  v e r t i c a l  

w a l l ,  and t h e  edge-and-wall geometries .  T e s t  r e l a t e d  in fo rma t ion  and d a t a  a r e  

documented i n  Volume I1 of t h i s  r epor t .  

3.5 S ing le  In-Line Gap T e s t s  a t  Ames 3 .5  Foot H.W.T. - Gap h e a t i n g  t e s t s  were 

conducted by W. K.  Lockman (NASA, Ames Research Center )  and C .  B. Blumer (Rockwell 

I n t e r n a t i o n a l )  i n  t he  Ames 3.5 f o o t  H.W.T. f a c i l i t y  t o  o b t a i n  d a t a  i n  t h e  presence  

o f  laminar ,  t r a n s i t i o n a l  and t u r b u l e n t  boundary l a y e r s .  These tests were conducted 

on panels  fu rn i shed  by Rockwell I n t e r c a t i o n a l  and provided a d d i t i o n a i  d a t a  t o  t h e  
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CFHT TEST 92 - S U P P L E M E N T A L  R'UNS - F E B R U A R Y  1974 
- 
RUN - 
16 1 

16 2 

16 3 

.I27 

I 
,127 

.229 

1 
,229 

Closed 

Closed 

ORIENTATION 

Staggered 

Staggered 

In- 1 ine  

In- l i n e  

Staggered 

Staggered 

In-line 

In-line 

2 3 Figure 12 
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T E S T  P A N E L  C O N F I G U R A T I O N ,  E D G E  R A D I U S  S T U D Y ;  

A T  N A S A  J S C  IOMW A R C  T U N N E L  

I N - L I N E  GAP, DOWNSTREAM 

. TRANSVERSE GAP 

*I NSTRUMENTRTION LOCATIONS I N D I C A T E D  BY T I C K  MARKS 
24 Figure 13 
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prevfous tests a t  t h i s  f a c i l i t y  descr ibed i n  Sect ion 3.1. The primary tes :  p - ; rpse  

was t o  i n v e s t i g a t e  t h e  e f f e c t s  of t i l e  o r i e n t a t i o n  f c r  s e v e r a l  gap width s e t t i w s .  

The t?sts employed a t h i n  s k i n  model i n s e r t e d  i n t o  a 68.6 x 152.4 c i ;:rrier 

p l a t e .  The j o i n t  c o n f i q ~ r a t i o n  was a s i n g l e ,  in - l ine ,  gap o r  30.48 and 10 i .6  cm 

length .  Thermocouples were i n s t a l l e d  along the top of t h e  patiel and along the  

faces  of  t h e  gap. The model i s  shown i n  Figure 14 . The test ~ a t r i x  included 

four  o r i en tac ions  (0, 5, 10 and 15 degrees) ,  th;ee gap widths (0.063, 0.127 and 

0.254 c ~ j ,  four  gap depths (0, 1.016, 2.037 and 3.81 cm), and two gap l eng ths  

(30.48 and 101.6 

1.64 x lo6 ,  3.28 

i n  Figure 15 . 
Information 

the  hea t ing  r a t e  

in - l ine  gaps a r e  

cm) . Tes t  runs were conducted a t  Reynolds numbers per  meter of 
6 6 

x 10 and 6.56 x 10 . The complete mat r ix  of 93 runs is l i s t e d  

from these  runs was a s s i m i l a t e d  i n t o  the  Data Bank. Analysis  of  

d i s t r i b u t i o n s  a r e  descr ibed i n  Sect ion 4.5. Cor re la t ions  f o r  long 

contained i n  Sect ion 5.3 f o r  bc th  zero  flow o r i e n t a t i o n  and 

o r i e n t a t i o n  up t o  15 degrees. Information r e l a t i n g  t o  t h e  t e s t  and d a t a  a r e  

documented i n  Volume I1 of t h i s  r epor t .  

3.6 Tes t  of  Large Gap Panel i n  LaRC 8 Foot HTST - Gap hea t ing  t e s t s  were per- 

formed i n  t h e  LaRC 8 Foot HTST t o  o b t a i n  hea t ing  d a t a  on a l a r g e  gap panel  i n  the  

presence of  a tu rbu len t  boundary l a y e r .  The same t e s t  panel  was t o  be used i n  both 

the  HTST and the  AFFDL 50 MW Arc Tunnel Tests .  The panel  was o r i g i n a l l y  scheduled 

f o r  t e s t i n g  a t  AFFDL but  was switched t o  the  LaRC !ITST due t o  f a b r i c a t i o n  d i f f i c u l -  

t i e s  k i t h  the  t e s t  f i x t u r e  by the  vendor. The 50 MW t e s t s  ueie intended t o  de te r -  

mine the  e f f e c t s  of h igher  enthalpy on t h e  hea t ing  i n  a f i e l d  of kSI gaps,  and would 

have a l s o  provided a comparison of  a r c  and wind tunnel  gap hea t ing  data .  The AFFDL 

t e s t  program was su:~sequently cancel16 d. The test program a t  LaRC war under the  

d i r e c t i o n  of I. Weinstien. 

The test panel  a s  shown i n  Figure 16 cons i s t ed  of eleven L 1  900 s i l i c a  t i l e s  

wi th  an in terchangeable  t h i n  s k i n  m e t a l l i c  ce, l ter  t i l e .  Tes t ing  was planned f o r  

both the  cen te r  LI 900 t i l e  and the  c e n t e r  m e t a l l i c  t i l e ,  but  time permit ted  t e s t i n g  

only of the  m e t a l l i c  t i l e .  The panel  s i z e  was 46 x 46 x 6.5 cm. 

Both the  L I  900 and the  m e t a l l i c  t i l e s  were heav i ly  instrumented wi th  t h e  thenno- 

couple l o c a t i o n s  f o r  the  t h i n  w a l l  m e t a l l i c  c e n t e r  : i l e  shown i n  Figure 17 . The 

RSI panel  was mounted i n  a l a r g e  t e s t  s l e d  f o r  f r e e  s t ream t e s t i n g  and permirted 

v a r i a t i o n  of  ang le  of a t t a c k  r e l a t i v e  t o  t h e  t i l e  a r ray .  The panel  was t e s t e d  i n  

both t h e  in - l ine  and s taggered t i l e  conf igura t ions .  Gaps between the  t i l e s  were 

WCDONNELL DOUGLAS ASTUONAUT#CS COMPANY - EAST 
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R U N  S C H E D U L E  
SINGLE IN-LINE GAP TESTED I N  THE AMES 3.5 H.W.T. 

NDEL OH-43 
[SED BY C. B. BLUME TEST 
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R U N  S C H E D U L E  
SINGLE IN-LINE GAP TfSTED I N  THE AMES 3.5 H.W.T. 

MODEL OH-43 

- TEST SUPERVISED BY C. B. BLUMER 

R~ GAP GAP Gf.P GAP TIC MODULE 
(XI 06/m) WIDTH DEPTH LENGTH ORIENT. SCHEDULE POSITION REMARKS 

(cm) (cm) (cm) ANGLE SCHEDULE 
(DEG) 

3.28 0.127 0.381 30.48 15 4 
3.28 0.254 
1.64 
1.64 
3.28 
6.36 
1.64 
3.28 t 
6.56 5H 5 
6.56 
6.56 

2 9 
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a d j u s t a b l e  t o  study t h e  e f f e c t s  of pap width, and s h i m  were used under t h e  t i l e s  

t o  study t h e  e f f e c t s  of s t e p  heights .  A companion p l a t e  t h a t  f i t t e d  i n t o  t h e  s a w  

opening as the  t e s t  panel w a s  ueed f o r  c a l i b r a t i o n  purposes. 

The t e s t  ~ a t r i x  f o r  t h e  8 Foot HTST program is suamarized i n  Figure 18 . 
Five gap s e t t i n g b  were employed (0, 0.10, 0.18, 0.30, and 0.41 cm) with the  t i l e  

thickness  of 6.35 cm. Step he igh t s  inves t iga ted  were 0 and tO.254 an. Teuts were 

run a t  Reynold. number p e r  meter of 1.9 x lo6 *?d 4.8 x lo6, while t h e  test s l e d  

angle  of a t t a c k  was var ied  from 0 t o  15 degrees. . 
Problems s p e c i f i c a l l y  r e l a t e d  t o  the  model and f a c i l i t y  occurred during t h e  

program. Figure 19 is a view of the  panel p r i o r  t o  t h e  f i r s t  test and Figure 

20 shows the  panel following the  same test. The t i m e  i n  t h e  stream was 11 seconds 

and coat ing was removed i n  t h r e e  loca t ions  from the  LI 900 t i l c s .  The e ros ion  

formed i n  t h e  regions where the  coat ing had been repaired p r i o r  t o  t e s t ing .  Primary 

cause of the  problem was t h a t  good bonding of the  r e p a i r  coa t ing  wao prevented due 

t o  the  s i l i c o n e  waterproofing on the  t i l e .  Also, t h e  repa i red  coat ing could n o t  be 

thermally fused in-place p r i o r  t o  t e s t i n g .  

The leading edge of the  t ransverse  gaps i n  t h e  panel a l s o  experieaced progres- 

s i v e  e ros ion  during the  t e s t s .  The e ros ion  was caused by a f ino  alumina dus t  

o r i g i n a t i n g  a t  the  combustor l i n e r .  Exposure durat ion per  run was reduced t o  four  

seconds t o  minimize t h i s  e ros ion  problem. 

F i n a l l y ,  hea t ing  of the  cen te r ,  t h i n  skin ,  m e t a l 1 . i ~  t i l e  r e s u l t e d  i n  su r face  

warping. Surface contour maps o f  t h e  m e t a l l i c  t i l e  a r e  shown i n  Figures 21  and 

22 following test runs 4 and 11 respect ively .  

Analysis of the  abovt: da ta  is  documented i n  Sect ion 4.6 and c o r r e l a t i o n  i n  

Sect ion 5. Information r e l a t i n g  t o  the  t e s t  and da ta  a r e  documented i n  Volume I1 

of t h i s  repor t .  

3.7 RSI T i l e  Testr  i n  t h e  Ames 20 MU Turbulent Duct - Gap hea t ing  t e s t s  r e r e  

conducted by F. J. Centolanzi (NASA-Ames Research Center) i n  the  h i e s  20 MW Turb- 

u len t  Flow Duct F a c i l i t y  t o  provide hea t ing  da ta  i n  t h e  presence of a high enthalpy 

tu rbu len t  boundary l ayer .  The t e s t s  employed panels  of S i l i c a  RSI t i l e s  f a b r i c a t e d  

and. inetrrmrented by NASA Amer. The panels were placed i n  t h e  = a l l  of the  Ames 2 x 9 

iuch tu rbu len t  duct which employs im a r c  heated a i r  stream t o  produce tu rbu len t  

flow. A schematic of the  2 x 9 inch duct f a c i l i t y  is shown i n  Figure 23 . Panel 

s i z e s  of 20.4 x 25.4 c m  and 20.4 x 50.8 cm can be t e s t e d  a t  a Mach number of 3.5. 

Figure 24 s h o w  r_ photograph of t h e  f a c i l i t y .  
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The test program invest igated heat ing e f f e c t s  on a t ransverse b u t t  j o in t  de- 

sign. Gap widths of 0, 0.127, 0.180, 0.254, 0.381 and 0.508 cm were evaluated f o r  

a RSI thickness of 5.08 c m  and an edge radius  of 0.635 cm. The test sec t ion  
6 

Reynolds number was 0.3 x 10 per meter. The test specimen is shown i n  Figure A-25. 

A s  shown, the  t ransverse gap was instrumented on both the upstream and downstream 

s ides  with thermocouples. The panel was tes ted  twice at each gap width such tha t  

thermocouple number 1 (Figure 25 ) was located upstream and downstream of the 

instrumented gap. 

Temperature response data  were assimilated and analyses were performed in- 

cluding temperature h i s to ry  comparison and inverse solut ions.  The analyses a r e  

reported i n  Section 4.7. 
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4.0 DATA ANALYSIS 

4.1 Analysis  of Data Assimilated During Phase I - During Phase I e f f o r t s ,  
hea t  t r a n s f e r  d a t a  were ass imi la ted  from t e s t s  conducted a t  t h e  NASA JSC 10  MW Arc 

Tunnel, t h e  LaRC Mach 10 Continuous Flow Hypersonic Tunnel, the  LaRC Mach 8 Vari- 

a b l e  Density Tunnel, and t h e  Ames 3.5 Foot Hypersonic Wind Tunnel. A d e t a i l e d  G i s -  

cussion of the  a n a l y s i s  of these  d a t a  is given i n  Sect ion 4.0 of Reference 

1 . However, s i g n i f i c a n t  r e s u l t s  and conclusions a r e  included i n  t h i s  r e p o r t  f o r  

reader  convenience and r e p o r t  completeness. 

4.1.1 Heat P ro tec t ion  A b i l i t y  of  Candidate J o i n t s  - The hea t  p ro tec t  ;on 

performance of candidate  RSI j o i n t  conf igura t ions  uas  campared based on 

maximum bondline heat-up (temperature r i s e )  r a t e s .  The temperature responses were 

measured during t e s t s  i n  t h e  NASA JSC 10 MW channel nozzle  a r c  tunnel .  Four j o i n t  

conf igurat ions  were t e s t e d  ( b u t t ,  contoured, inc l ined  and over lap  block) .  The b u t t  

j o i n t  was t e s t e d  wi th  forward- and a f t - f ac ing  s t e p s  a t  the  t r ansverse  j o i n t  and 

with gap w a l l  emittances of 0.6 (white)  and 0.9 (b lack) .  The c 'he r  conf igurat ions  

were t e s t e d  only wi th  "white" wal ls .  The term "white" wa l l s  r e f e r s  t o  t i l e s  having 

white gap w a l l s  (E = 0.6) except f o r  t h e  f i r s t  0.635 cent imeters  down the  gap, 
# 

which is  black (E = 0.9). Gap widths of 0.127, 0.254, 0.381 and 0.762 cent imeters  

were t e s t e d  f o r  each combination of  o t h e r  t e s t  va r i ab les .  T i l e  th icknesses  of 3.18, 

5.08 and 6.35 cent imeters  were t e s t e d ,  but not  f o r  all j o i n t  conf igurat ions .  c he 

high c r o s s  range s h u t t l e  o r b i t e r  A2P e n t r y  hea t ing  ra te- t ime h i s t o r y  was simulated 

i n  the  10 MW channel nozzle  f o r  each t e s t  run. These t e s t  cond i t ions  r e s u l t e d  i n  

a laminar boundary l a y e r  displacement th ickness  of approximately 1 -02  cm, a Mach 

number of approximately 4.5,  and a t h e o r e t i c a l  cold  w a l l  f l a t  p l a t e  hea t ing  r a t e  
2 of up t o  27.23 wattslcm . The conclusions drawn from the  j o i n t  conf igura t ion  

comparisons a r e  summarized below. 

For the candidate  j o i n t s ,  t h e  r a t e s  of bondline heat-up i n  the  t r ansverse  gap 

are shown i n  Figure 26 a s  func t ions  of gap width. As seen,  the  contoured j o i n t  

a f fo rds  t h e  b e s t  hea t  p ro tec t ion .  A t  l a r g e  gap widths the  v a r i a t i o n  i n  hea t  p r o t e c t i o n  

a b i l i t y  among j o i n t  types is s u b s t a n t i a l  with t h e  forward-facing s t e p  model exper iencing 

the  l a r g e s t  temperature r i s e  a t  the  0.752 cm gap width. This is  i n  c o n t r a s t  t o  the  

a f t - f a c i n g  s t e p  which a f f o r d s a l m o s t  a s  mcch hea t  p ro tec t ion  a s  the  contoured 

j o i n t .  Thermal response f o r  t r ansverse  gaps i n d i c a t e s  t h a t  f o r  smal l  gaps ( l e s s  

than 0.381 cm), the  forward-facing sbde of the  gap exper iences  h igher  bondline 

42 
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temperatures than the shielded sft-facing side of the gap. However, for the widest .t 
i. 

gap (0.762 cm), bondline heat-up rate is the same for both sides of the transverse 
i 

gap 

The data generated with butt joint models having tile thicknesses of 3.18 and 

6.35 centimeters and a gap wall emittance of 0.6 (white) are presented in Figures 

27 and 28. As was expected, these data show a sharp increase in heat-up rate as 

the gap was opened. There was no clear differentiation of heating in the transverse 

gap as opposed to tne axial gap. The 6.35 centimeter thick tiles (Figure 28) pro- 

vide more heat protection due not only to increased insulation, but also to a re- 

duced sensitivity to gap width for most locations. Figure 28 shows that the down- 

stream parallel gap location and both of the transverse locations were insensitive 

to the presence of the gaps for widths of 0.381 centimeters or less. Bondline heat- 

up rate (6.35 cm tile) at the upstream parallel gap location shows approximately the 

same sensitivity to increased gap width as do the parallel gap measurements for the 

3.18 and 5.08 centimeter thick tiles. 

Similarly, a comparison was made of data generated with butt joint models 

having tile thicknesses of 3.18, 5.08 and 6.35 centimeters and a gap wall emittance 

of 0.9. The joint bondline heat-up rate also shows a strong-sensitivity to gap . 
width. Neither the axial or transverse gap orientation appears to be consistently 

hotter. 

A direct comparison of the "black" and "white" coatings indicated the bondline 

heat-up rates for a given tile thickness are similar for each coating. In general, 

the data showed that bmdline heat-up rates were equal or slightly lower for the 

high emittance (E = 0.9) walls. Consequently, it was concluded that increased gap 

wall emittance has little effect on bondline heat-up rate. 

Either forward or aft-facing steps at the transverse gaps can be caused by 

manufacturing tolerances, structure deflection, etc. Both these configurations were 

tested by using two upstream butt-gap tiles of 5.08 centimeter thickness and two 

downstream tiles 5.46 centimeters thick to create forward-facing steps, or two down- 

stream tiles 4.70 centimeters thick for aft-facing steps. The results of these tests 

are illustrated in Figure 29 and compared with results )f the tests of 5.08 centi- 

meter thick butt-joint tiles with flush surfaces. Far small gap widths, both forward 

and aft facing steps produced bondline heat-up rates lower than those of the flush 

tiles. The aft-facing steps provide better thermal protection due to the shielding 

effect while the forward-facing step is cooler because of the thicker tiles (5.46 cm 
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as opposed to 5.08 cm). As the gap is opened, the aft-facing step maintains lower 

response rates, but the forward-facing step experiences bondline heat-up rates which 

increase to levels well above those of the flush tiles. 

Alternate gap configurations also offer an opportunity for reduction of gap 

heating. Three configurations, the contoured, inclined and overlap block in addi- 

tion to the butt joint were tested. In each case the hot external flow is denied a 

direct path to the gap bottom. None of these configurations was an unqualified 

success, yet all achieved a reduction in bondline' response at some instrumented 

location. Test data for 5.08 centimeter thick tiles of each candidate joint con- 

figuration are compared next and related to the 5.08 centimeter butt joint. 

The measurements taken with the inclined joint tile set (Figure 30 ) exhibit 

a particularly wide range oC sensitivity to gap width dekmding on instrument loca- 

tion. All locations are essentially equivalent to the butt joint performance 

(Figure 28 ) at a gap width of 0 .I27 centimeter. As the gap is spened, however, 

the heat-up rate of the upstream axial location quickly increases to a level well 

in excess of the heat-up rates experienced during the butt joint tests. The data 

taken at the bondline of the downstream-facing transverse gap wall remain at re- 

latively low levels for all gap widths and data taken at the other two locations 

are roughly equivalent to those of the butt joint configurations. 

The contoured joint configuration (which was more complicated) produced the 

least sensitivity to gap width of any of the configurations tested (Figure 31 ) .  

It is also the only configuration for which bondline heat-up rate varies signifi- 

cantly with location for the 0.127 centimeter gap width. This configuration did, 

in fact, experience higher bondline heat-up rates in the downstream axial , ~ p  at 

widths of 0.127 and 0.254 centimeter than does the butt joint. With the largest 

gap width, though, the contoured joint provided significantly improved heat pro- 

tection at all locations, compared to the butt joint. 

The overlap block configuration creates a tortuous path for gas circulating 

from the surface to the bondline. Figure 32 , however, shows that the RSI filler 
block which is used to create that devious path suffers quite a high bondline heat- 

up rate. By cor~yarison one m y  see that the other configurations hold no advantage 

over the simple butt joint. 

The rew~lts of these tests indicate then, that if small gap widths can be 

achieved, little can be gained by use of joint configurations more complex than the 

butt jotnt. If gap widths approach the local boundary layer displacement thickness 

48 
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(about 1.016 centimeter for these tests), use of the contoured joint configuration 

may afford considerable relief and forward-facing ste?s at the joint may exact a 

considerable penalty. 

4.1.2 Heating Rates in RSI Models of Gaps - Heating rates were calculated 
using RSI-gap t h e m 1  reaponse histories measured during tests in the JSC 

10 MW Arc Tunnel channel nozzle. The test conditions, model description and data 

assimilated are diccussed in Section 3.1 of this report and in Volume I1 of Refer- 

ence 1 . The analyses concentrated on a description of radiant heat exchange 

within the gap, a graphical description of the various modes of heat transfer in 

the gap, evaluation of data uncertainties, and comparison of convective heating 

distributions for transverse and in-line gaps for both butt and inclined joint con- 

figurations . 
Radiani Heat Exchange - Radiation exchange between the faces of a gap is im- 

portant becausz relatively high temperatures (816OC or more) are experienced at 

gap depths of more than 1.27 centimeter. Preliminary data indicated that convec- 
2 tive heating at such depths was on the order of 0.113 wattslcm . For example a 

8.3'C difference between two infinite plates (each with a 0.6 emittance) at 816°C 
2 produces about 0.113 wattslcm net heat transfer. The 8.3'C represents only a 1% 

change in gap wall temperature. Initial thermal modeling employed a minimal number (8) 

of nodes within the gap. Consequently the radiation exchange modeling was refined by 

increasing the number of nodes on the gap wall from 8 to 18. Smaller area nodes are 

particularly helpful because they allow view factors and the nodal temperatures asso- 

ciated with them to approach the ideal condition of an infinitesimal element model. 

In modeling a 6.35 centimeter thick specimen, node lengths were decreased from 0.794 

to 0.353 centimeters, alleviating the situation where large nodes are used in an analysis 

of a small gap. In the Zase of large nodes, the only significant view factor may be 

with the opposite node, virtually eliminating the opportunity for emitted or reflected 

energy to be transferred down the gap. Node size in the thermal model was varied so 

that the smallest nodes occurred in the region of highest temperature. 

Graphical Description of Heat Transfer Modes - The heat transfer for the wall 
of a typical forward facing, transverse gap is segregated into it3 three components 

of convection, radiation and conduction in Figure 33. The analyses used an 18 node 

model down the gap and the inverse solution method. Temperatures for the uninstru- 

mented wall of the gap were set equal to the values of the corresponding nodes on 

the instrumented wall. Heat fluxes less than zero indicate energy leaving the sur- 

face at that depth. The conductive flux consists of two parts, the conduction be- 

tween adjacent coating nodes and conduction intc the RSI, normal to the surface of 

the gap wall. 52 
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The convective heating and radiative flux shown in Figure 33 are large at the 

top of the gap and their distributions approximately mirror one another. At appro- 

ximately 0.508 centimeters into the gap, the convective and radiative heat fluxes 

become minimal. The net conductive flux has the greatest magnitude near the top 

of the gap, as expected, but much smaller than either the radiative or convective 

components. The negative net conductive flux at the top of the gap is indicative 

of a temperature distribution which is approaching steady state and the remainder 

of the conduction curve is most likely due to the transient thermal response of 

the RSI.  During peak heating, the gap wall is hotter at all locations than later- 

ally adjacent RSI material so the conduction in the normal direction is always 

negative . 
Impact of Uncertainties - Studies were conducted to determine the impact of 

uncertainties in gap heating rate distribution on Shuttle TPS performance. This is 

of importance since bondline temperature is a factor which must be controlled through 

proper TPS design, and the adhesives and strain isolation sponges available for this 

type of system have relatively low temperature capability compared with the RSI to 

which they are applied. The results of this analysis give an indication of the level 

at which gap heating ceases to be a significant factor in determining bondline tem- 

perature. Hypothetical cut-off points were assumed in the gap above which convective 

heating rates are known and below which they are uncertain. An extremely conserva- 

tive design approach would then be to assume the heating value remains constant from 

that point. While a nonconservative approach would be to assume no heating below the 

cut-off point. The true heating rate distribution of course lies between these two 

assumptions. &or the test case studied and for gap depths greater than 2.54 cm, the 

two assumptions gave comparative results. Thus, if the heating rate distribution is 

known accurately down to a depth of 2.54 cm, the ill effects of uncertainties below 

that gap depth are minimal. 

Comparison of Heating Rate Distributionsin RSI Models of Gaps - The convective 
heating analyses of gap tests contained in this section wcre performed on data ob- 

tained in the NASA-JSC 10 MW Arc Tun2el facility utilizing series of adjustable RSI 

models installed in one wall of a channel nozzle. Convective heating in the gaps 

between tiles was calculated using the MDC General Heat Transfer Program inverse 

solution technique. A description and the method of utilizing this technique are 

given in Lction 4.2.1 of Reference 1 . 
Convective heating results for the transverse and in-line gaps were obtained for 

the butt and inclined joint configuration. Four gap widths (0.127, 0.254, 0.381, and 
54 
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0.762 centimeter) and three tile thicknesses (3.18, 5.C8, and 6.35 cm) were analyzed 

for the butt joint configuration. The inclined joint was enalyzed for the 6.35 cm 

tile and all gap widths. 

Heating distributions for the downstream wall of the transverse gap for the 

butt joint configuration are shown in Figures 34, 35, and 36 . The data on 
Figures 34 and 35 are presented in rectilinear and semi-log coordinates to em- 

phasize the low magnitude of convective heating in the transverse gap at depths 

beyond 0.762 centimeter for the arc heater environment produced by the 10 MW facil- 

ity. In comparing these figures it is seen that heating drops off rapidly down the 

gap, heating increases with gap width and penetrates deeper into wide gaps, and 

that for a wide gap (0.762 cm) the heating rate ratio near the top of the gap can 

be higher than 1 .O. Figure 37 is another way of presenting the above data, as 

a function of gap width, and indicates that for most conditions increasing gap de?th 

lowers the pap heating distribution. 

Similarly, in-line gap heating distributions were calculated for the butt joint 

configuration and gap depths of 3.18, 5.08, and 6.35 cm. The results are 

summarized in Figure 38 . A comparison of the data for the two type gaps (in-line 

versus transverse) indicates that heating in the in-line gaps is higher than for the 

transverse gaps at some combinations of gap width and depth. (See Figures 38 and 

37 .) A comparison of these figures also indicates the in-lin~e gap is more sensi- 

tive to gap width than the transverse gap for gap depths greater than 0.2 cm. 

The effect of a forward facing step on heating distributions is shown in Figure 

39 for a 5.08' cm tile and the whole range of gap widths. For the narrow g a p  

(0.127, 0.254, 0.381 cm) the heating near the top of the gap stagnates, increasing 

the heating rates. Since the gap is small, flow within the gap is !-?eded, 

therefore the heating falls off rapidly to 0.9 cm gap depth and then .!e- 

creases gradually below that point. For the wide gap (0.762 cm) the heating takes i 
t 

on a different distribution which is also significantly higher than for the narrow 4 : 

gaps. Since the gap is wide the heating near the top gets relief from the wide gap 7 

% ,  
below, which causes heating to recirculate and penetrate deep into the gap Because 1 

f :  
the step distorts the gap heating distribution, a significant increase in heating 

occurs when compared to a flush joint. Figure 40 shows a comparison of downstream 

transverse pap heating for a butt joint model with and without a forward facing step. 

tude or more greater than for flush tiles. 

As seen, heating along the gap wall of a forward facing step can be an order of magni- J 
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Convective heating analyses for an inclined joint model were also performed 

for both the downstream side of the transverse gap ana for an in-line gap upstream 

of the transverse gap. The tiles weye 6.35 centimeters thick. The heating distri- 

butions were found to be very similar to the butt joint distributions. For both 

in-line and transverse gape, the !leating for the incllned joint was slightly greater 

and more sensitive to gap width from a.16 to 1.0 cni gap depths. 

4 -1.3 Analysis of Mach 10 CFHI' Test of Gap Model - A.?aly;es were performd on 
heat transfer dat4 vbtained on a wall-mounted, thin skin tile model tested in the 

LaRC Mach 10 Continuous Flow Hypexsonic Tunnel. Test conditicns, model dercription 

and data assimilated are discussed in Section 3.1 of this report and in Volume 11 

of Reference 1 . The test article consisted of a panel wiih six RSI tiles sur- 

roundiny a highly instrumented thin skin tile. The test panel was located or! a 

rotational plate on the tunnel sidewall such that the flow angle could be varied 

over 'the test pdnel. The tests performed during the initial program were cond,*:ted 
6 at a Mach number of 10 and a unit Reynolds number of 3.3 x 10 . Includer: in the 

datd ana1;rses are the following: 

a) Evaluation of data reduction methods including calibration plate heating 

and the effect of considering conducrion on measured heating rates. 

b) In-line versus staggered tile heating patterns. 

c) Effect of gap width on tile heating patterns. 

d) Effect of flow angle on gap heating patterns. 

el Effect of steps on tile heating patterns. 

Data heduction Methods - - LaRC performed calibration runs in support of a 
McDoni.el1 Douglas rponsored program to measure heat cransfer data on a corrugated 

panel model mounted on the tunnel sidewall. As part of that eff3rt, flat plate 

heat transfer E,<::a wefe tzken. Figcre 41 presents the measured heat transfer 

distrit.stior. in the vertical direccion on the flat   late mounted on the tunnel 

sidewall. The distribotion shown is based upon three data runs. A significant 

variation in the heating across the flat plate is observed. This tunnel character- 

istic has been attributed to the square nozzle and test section which results in a 

~likht ilow convergence toward the center of the tunnel sidewall. Data taken on 

the rorrugated panel exhibited a similar spanwise heating gradient to that observed 

on the flat plate. Normalizing the corrugated pancl heat transfer coefficients by 

the flat plate coefficients -esulted in successful collapsing of ?tee data in the 

spanwise direction. Because of this previous sxperience in correlatm the corru- 

gated panel data, the gap heating data, taken at the same test ~o::dition were 

r,ormalized by the measured flat plate heat transfer coefficients. 

6 3 
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Data reduction for the thin skin tile tests employed the slope of the 

temperature-tins curve at selected times to solve for the heat transfer coefficient 

using the following equation: 

PC, X (dT'Id0) 
h = - 

(Taw-Tw) where X = skin thickness 

Two times were selected for data reduction for each thermocouple during these tests. 

The first time selected was 0.50 seconds after the test article reached the tunnel 

wall since during the first 0.35 to 0.45 seconds the temperature readings were 

erratic. A second time was also selected which was 0.50 seconds after the first 

time or 1.0 seconds after tile insertion. The temperature-time derivative (dT/d@) 

was obtained by raking the slope of a least squares quadratic curve fit through ten 

seconds of data obtained far each thermocouple. The initial point of the curve fit 

interval is the time selected for data reduction; i.e., 0.50 seconds and 1.0 second. 

Ten seconds was selected as the curve fit interval to obtain data deep in the gaps 

where heating l.avels are low. The curve fit expressions are of the form: 

2 Tw = a + b 0 + c 0 and dTId0 = b + 2c 0 

where a, b, and c are constants. Two heat transfer coefficients were computed fcr 

each value of dT/d0 baaed upon two values of adiabatic wall temperature, i.e., 

Taw/TT = 0.895 and 1.0. However, all data in this section -re based upon Taw/T = 
T 

0.895 because the boundary layer was turbulent for all tests. Also d l  d-ta pre- 

sented in the following figures were evaluated at 0.50 seconds after test d t  :le 

insertion was complete. 

The above method is graphically demonstrated in Figure 42 for two typically 

measured temperature histories on the downstream face of the thin skin tile. In 

the first curve 'TIC Chann~l 20), the thermocouple was located in the gap 0.414 cm 

from the surface, and the two slopes are nearly equal indicating a linear tempera- 

ture renponse. All thermocouples where a significant temperature rise occurred 

exhibited this type of temperature response. In the second curve (TIC Channel 55), 

the thermocouple is deeper within the gap (1.113 cm from the surface), and 

the temperature response was an order of magnitude lower than Channel 20. The 

temperature response was also low enough that "noise" from the data recording system 
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is observed in the data. The third chrough the sixth rows of thermocouples had a 

temperature response so low that the "noise" from the data recording system was 

greater than the temperature rise over a ten secona time interval. Consequently, 

a significant number of thermocouples in the gaps had such a low signal to noise 

ratio that the data were not included in the analysis. 

A study was made to examine the effect of including conduction in the calcu- 

lation of heating rates from wind tunnel tedts that employ thin skin tiles. Data 

from Run 14 of the CFHT were selected for this purpose. An eight node thermal 

model was formulated to dcscrlbe the heat storage and heat conduction characteris- 

tics of a section through the thin skin tile for the temperature distributions 

shown in Figure 43 . For each node in the thermal model there was a correspond- 

ing thermocouple on the thin skin tile which was used to define the nodes' tem- 

perature history. Hand fairings of the temperature histories were input into the 

General Heat Transfer Computer Program along with the thermal model descriptors and 

an in-rerse solution was performed to calculate a heating rate for each node. Fig- 

ure 43 depicts tLle spanwlse teaFerature distribution across the top and down the 

side of the tile at 0.5 seconds after test article insertion. Two distributions 

are shown corresponding to "as received data" and "revised temperature data". The 

revised data resulted from applying a thermocouple calibration correction to 

the as-received-data. The correction was determined by NASA LaRC 

after initial efforts to examine the effects of conduction were unsuccessful (de- 

tailed discussion is given in Section 4.3 of Referenre 1 ) .  The revised tempera- 

ture distribution is seen to be much smoother than ti iginal distribution with 

the resultant elimination of the "knee" in the curve t.. .: existed at node 4. 

Figure 44 shows the effect on calculated heating rates of excluding and in- 

cluding conduction in the thermal model using the revised temperature distributions. 

The data ,how in this figure is for 0.5 second after tile insertion. The heating 

rates for the "no conduction" case consider only the heat storage term and are com- 

parable with the data reported by LaRC. The differences between these data are due 

to the techniques used in the fairing of the temperature histories. The technique 

used by LaRC consirted of least squares curve fit of tha temperature histories while 

hand-faired histories were used with the eight node thermal model. When conduction 

is included in the thermal model analysis, the surface node near the top edge of the 

tile rhowed an increase in calculated heating rate of 8.5%. However, the calculated 

heating rates in the gap are generally lower when conduction is included. Conse- 

quently, it was concluded that the heating rates neglecting conduction (i.e., data 
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obtained from LaRC) be used in the gap heating data correlation since theee data 

give conservative results. 

Heating Patterns, In-lin_e-V~rsus Staggered Tiles - Data were taken on the thin 
skin tile with the two basic tile arrangements of staggered and in-line. Figure 

45 shows the orientation of the test article with respect to the flow for both 

arrangements. The in-line arrangement is achieved by rotating the test article 90 

degrees from the staggered tile orientation. It should be noted that for the in- 

line arrangement, t>e tiles are in-line in the axial direction only. In the span- 

wise direction (normal to the flow) the tiles are staggered. Comparisons of the 

axial heating distributions for the staggered and in-line tile arrangements at 

y = 0.0, -3.8 and -7.3 cm are presented in Figures 45 , 46 , and 47 respectively. 

These figures present data for a tile gap width of 0.23 cm, Heating on both the 

upstrear and downstream faces of the tile does not appear to be significantly af- 

fected by the surrounding tile arrangement for a gap width of 0.23 cm. Heating on 

the top surface of the thir~ skin tile is higher (4% to 24%) for the staggered 

arrangement than for the in-line arrangement. This trend is most pronounced at 

the centerline (y = 0.0 cm) of the tile and decreases near the edge (y = -7.3 cm) 

of the tile. Also the magnitude of the heating on the top of both tile configura- 

tions decreases near the tile edges. 

Effect of Gap Width - Comparisons of heating distributions for four gap widths 
at y = 0.0, -3.8 and -7.3 cm are presented for the staggered tile arrapgsment in 

Figures 48 , 49, and 50 , respectively. Data for gap widths of 0.13, 0.23, 

0 .46 ,  and 0.71 cm are shown in each figure. These figures show that the effect of 

gap width on tile heating changes with location on the tile. Figure 48 presents 

data along the centerline of the tile (y = 0.0). On the upstream face, the gap 

heating increasee slightly with increasing gap width. This trend is reversed on 

the top surface and downstream face with the exception of the upstream edge of the 

tile top surface. Examination of the axial distribution at y = -3.8 cm shows a 

much greater in~rease in gap heating with increasing gap width on the upstream face 

than was shown at y = 0.0. On the top surface of the tile the heating at the up- 

stream edge of the tile increased dramatically with increasing gap width. Over the 

rest of the top surface, the heating appears essentially independent of gap width. 

On the downstream face the trend is mixed with the gap heating either increasing or 

decreasing with gap width depending ?-i the depth into the gap. The data near the 

outer edge of the tile (y = -7.3 cm) show the heating on the upstream face, top 

surface, and downstream face all increasing significantly with increasing gap width. 
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In general for the three <y) stations examined, It appears that the gap heating 

is related to the heating on the top surface near the gaps. The same trends that 

apply to the gap heating also apply to the L?? surface heating near the d g e s  of the 

tile. This can be seen in a l l  the figures presented for the staggered tile arrange- 

ment. 

Similar comparisons of heatinq Aisiributions for the in-line tile arrangement 

were made and arc repor+=: in Reference 1 (Section 4.3). 

Review of gap width effects on both staggered a:.: in-1ir.e tile ~rrangements 

indicates chat the in-line tile arrangement results in lower and more uniform hedt- 

ing on the top surface of the tile. The gap heating on the upstream faces of the 

tile Co not appear to be significantly different. Eor the two tile arrangenents and 

a similar conclusion can be drawn for the downstream face. As rxpected, gap width 

significantly affects gap heating; however, the magnitude of the effect is dependent 

on the location in the gap. 

Effect of Flow Orients= - The effect of flow angle on gap hearing was -- 
examlned on tw9 faces of 'I;? thin skin tile for 0.229 and 0.710 cm gaps. For ease 

of data hnCli:;g, a consistent coordinate system was defined which is flxed in the 

thin skin tile. A f:w angle (y) was defined which varies from 0 iadianc at the 

in-line c~-.~lgvr.iti,or. to + / ?  rt. the staggered configuration. The analyses indicated 

that either an .I:.-..in( -1 ! c  zrrting.=urei\t (y-0) or a staggered tile arrangement (y= 

n/2) is more desirable than other flov qrie .  cations. The spread in gap heating on 

the tile faces is minimized at y-0 m d  :./2 radians, and the peak heat1 g in the 

gaps are minima at these ,'lw angles. These con~lusi~.~,s a- 2 i-ss?d on data for 

both gap uidthcl (0.229 and 0.710 cm) . Figure 51 shows the ;cac::iicns and levels 

of maximum gap heating at various flow angles for the r..:?O cz sap .  The data were 

measured approximately 0.3 cm frcm the tile surface. As seeil, : esr: he:?r.;r,  -r. - i..- 

gaps are minima at 0 and n/2 radians flocr angles. 

The effect sf glip width on heating rates at various fl .J  oriwtariex~:; v-s a lso  

studied. The heating distributions along tile gaps at a f l o ~  angle of -114 radjanu 

is illustrated in Figure 52 . The data was meHt %re.. q7!. . g:: depth of 3.3 cm, 3nd 

at gap widths of 0.23 cm and 0.71 cm. The h e s t ~ n ~  r r *  s g f . r d  ientb (''at occur at 

this flow angle become ncre severe as the gap v-: ,,.cS--rez - ;, s w . ,  in this figure. 

Effect of Steps - The effect of tjle mirmatch wad exan 'r.crJ 'Yy , .; shims - 
to raise and lower'the thin skin tile. Zests were run with thc t~lc. rs z 4 9.;~ 

cm abuve the surrmnding 9 S Z  rr les  and lowered 0.165 cm below the Purroundrr~g 

tiles. Figure 53 presents in-l~ne tile heating distributions (Yc 0.0) 
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for the step-up, flush and step-down tile configurations with a gap width of 0.23 

centimeters. The step-up configuration resulted in a 552 ircrease in the peak heat- 

ing rate measured on the tile surface when compared to the flush tile. The peak 

heating location appears to move nearer the upstream edge of the tile as the tile 

is raised above the flush position. Raising the tile increased heatink on the up- 

stream face of the gap and entire tile surface while having little effect on the 

downstream face. The step-down tile configuration resulted in lower heating on 

the upstream half of the thin skin tile and similkr heating on the downstream half 

when compared with the flush tile. The peak haating rate was only 4.5% lower for 

the step-down tile. Figure 54 presents heating distributions for the three tile 

positi.ons when the surrounding tiles are in the staggered configuration (y = n / 2 ) .  

Similar conclusions can be drawn from the staggered tile data as were found for 

the in-line tile data. 

8 1 
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4 . l . 4  Analys i s  o f  Mach 8  Var i ab le  Densi ty Tunnel T e s t s  - Heat t r a n s f e r  

measurements were performed on a  t h i n  s k i n  t i l e  pane l  i n  t h e  LaRc Mach 8 Var i ab le  

Dens i ty  Tunnel t o  provide  d a t a  i n  t h e  presence  of laminar  and t u r b u l e n t  boundary 

l a y e r s .  Model t e s t  p o s i t i o n  jncluded bo th  on t h e  c e n t e r l i n e  ( f r e e  s t ream)  and on 

t h e  tunne l  w a l l  ( f l u s h ) .  T e s t  c o n d i t i o n s ,  model d e s c r i p t i o n  and d a t a  a r e  d i scussed  

i n  Sec t ion  3 . i  of t h i s  r e p o r t  and i n  Volume I1 of Reference 1 . T e s t  ou tpu t  was 

recorded on t a p e  t o  f a c i l i t a t e  a n a l y s i s  and f o r  use  i n  t h e  Mui t ip l e  Regression 

Ana lys i s  computer program. The a n a l y s i s  i.1cluded' e v a l u a t i o n  o f :  

a )  a  r e f e r e n c e  f o r  d a t a  c o r r e l a t i o n  

b) h e a t i n g  p a t t e r n s  on i n - l i n e  t i les  

c )  he. . ing  p a t t e r n s  on s t a g g e r e d  t i l e s  

d) e f f e c t  of Reynolds number on h e a t i n g  r a t e s  

e )  e f f e c t  of gap width  on t i l e  h e a t i n g  p a t t e r n s  

Reference f o r  C o r r e l a t i o n  - Heat t r a n s f e r  r a t e s  on t h e  top  of t h e  t e s t  panel  

were examined t o  e  t a b l i s h  e i t h e r  a  iaminar  o r  t u r b u l e n t  flow r e f e r e n c e  f o r  d a t a  

c o r r e l a t i o n .  I n i t i a l l y ,  a laminar  recovery  f a c t o r  das used t o  compute a  hea t  

t r a n s f e r  c o e f f i c i e n t  (H ) a s  w e l l  as  iaminar boundary l a y e r  theory  t o  compute a  
L 

r e f e renced  t r a n s f e r  c o e f f i c i e n t  (H ) which was besed oc d i s t a n c e  from t h e  model 
r e f  

l e a d i n g  edge. The r a t i o  of  H t o  Href i n d i c a t e s  t l e  type o f  flow w i t h  a  va lue  of  L  
u n i t y  i n d i c a t i n g  laminar flow. Ana lys i s  i n d i c a t e d  '_hat  f o r  t h e  f r e e  s t r eam tests, 

c o n d i t i o n s  were laminar on t h e  f o w a r d  p o r t i o n  o f  t h e  model a t  t h e  low Rey?olds 

number, and flow t r a n s i t i o n  ~ c c u r r e d  on t h e  a f t  p o r t i o n  of t he  panel .  However, f o r  

t h e  t u n n e l  w a l l  tests, Reynolds number and houndary l a y e r  t h i cknesses  were c h a r a c t e r -  

i s t i c  o f  a  t u r b u l e n t  boiir?darp l e y e r .  Pcx bc th  the fr-a stream and  t h e  f l u s h  w a l l  

t c s t s ,  t he  r e fe renced  coefficient was t h a t  s e a s u r e d  2.582 cm from t h e  forward t i l e  

l e a d i n g  edge. 

Heating P a t t e r n s  on In-Line T i l e s  - The measured h e a t i n g  d i s t r i b u t i o n s  a long  - 
t h e  l eng th  of t h e  pane l  f o r  t h e  i n - l i n e  t i l e  c o n f i g u r a t i o n  a r e  shown i n  Figure  55 

f o r  t h e  f r e e  stream tests. Data a r e  p re sen ted  f o r  u n i t  Reynolds number pe r  meter  
6  

ranging  from 2 .3  x  lo6 t o  21.8 x 10 . A v a r i e t y  of  h e a t i n g  p a t t e r n s  is exti-."ited 

on t h e  top of t he  t i l e s  i . ~ d i c a t i n g  laminar  flow on t i l e  I1 f o r  t h e  lower Reynolds 

number and t r a n s i t i o n a l  f low f o r  t h e  n ighe r  Reyno1,is numbers. For t i l e  112, t h e  two 

lower Reynolds number t e s t s  e x h i b i t  a  t r e n d  toward t r a n s i t i o n a l  flow, wh i l e  f o r  
6 Realm = 21.8 x 10 t h e  d a t a  s u g g e s t s  t h a t  t h e  flow is  f u l l y  t u r b u l e n t .  The gap a t  

t h e  c e n t e r  of  t he  pane l  d i d  no t  a f f e c t  t h e  h e a t i n g  on the  top  cf t h e  panel  except  

MCOONNELL DOUGLAS ASTRONAUT#CS COMPANY - EAST 
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6 i n  t h e  Rem/m = 6 . 1  x 10  t e s t  where t h e  gap produced t r a n s i t i o n  o n s e t .  Transverse  

gap h e a t i n g  is  r e l a t i v e l y  low compared t o  t h a t  measured on top  of t h e  pane l  and 

does n o t  show a s t r o n g  dependence on Reynolds number f o r  t h e  forward f a c i n g  w a l l .  

The a f t  f a c i n g  walls expe r i enced  a s l i g h t  change i n  h e a t i n g  d i s t r i b u t i o n  w i t h  Reynolds 

number. The l a r g e r  gaps (0.318 cm) exper ience  h i g h e r  h e a t i n g  than t h e  s m a l l e r  gap 

(0.159 cm) . 
Heating d i s t r i b u t i o n s  f o r  t h e  i n - l i n e  gap model p o s i t i o n e d  f l u s h  w i t h  t h e  tunne l  

w a l l  a r e  shown i n  Figure  56 . T e s t s  were performed a t  u n i t  Re;nolds numberlm from 
6 6 

1.16 x 10 t o  41.4 x 10 . Heat ing  on top  of  t h e  t i l e s  i s  r e l a t i v e l y  uniform wi th  

t h e  h i g h e r  Reynolds ntlmber d a t a  be ing  a lmost  c o n s t a n t .  The lower Reynolds number 

d a t a  show a 10% h e a t i n g  i n c r e a s e  on t h e  t i l e  top.  Heat ing  i n  t h e  t r a n s v e r s e  gaps 

does n o t  dec rease  as r a p i d l y  w i t h  d i s t a n c e  i n t o  t h e  gap a s  f o r  t h e  f r e e  s t r eam t e s t .  

For bo th  t h e  f r e e  s t r eam and tunne l  w a l l  p o s i t i o n ,  t h e  upstream s i d e  of  t h e  t r a n s v e r s e  

gap expe r i ences  equa l  o r  h i g h e r  h e a t i n g  than  t h e  downstream s i d e  of  t h e  gap. Again 

I t h e  h e a t i n g  is h ighe r  f o r  t h e  l a r g e r  gap. 

Heating P a t t e r n s o n  Staggered  Tj& - Heat ing  d i s t r i b u t i o n s  were a l s o  measured 

f o r  a s t agge red  t i l e  * , o n f i g u r a t i o n  w i t h  t h e  model i n  t h e  f r e e  stream p o s i t i o n  and 

f l u s h  u i t h  t h e  tunne l  ~ ~ 1 1 .  Figure  5 7  c o n t a i n s  t h e  h e a t i n g  d a t a  f o r  t h e  f r e e  

s trearc t e s t s .  Heating d i s t r i b u t i o n s  on t h e  t o p  s u r f a c e  of t h e  t i l e s  a r e  s i m i l a r  t o  

t hose  ob ta ined  f o r  t h e  i n - l i n e  gap model (F igure  55 ) over t h e  range of Reynolds 

numbers i n v e s t i g a t e d .  The s t agge red  t i l e  c o n f i g u r a t i o n  had twice  t h e  gap width  of 

t h a t  t e s t e d  i n  t he  i n - l i n e  model, and only  t h e  downstream f a c e  of t h e  c e n t e r  t r a n s -  

v e r s e  gap was in s t r smen ted .  Gap h e a t i n g  a t  t h e  c e n t e r  of t h e  model ( s t a g n a t i o n  

r eg ion )  i s  a l s o  p re sen ted  i n  F igu re  57 and shows a s t r o n g  dependence on Reyt~ulds  
6 

number. For Reynolds numbers g r e a t e r  t han  11.2 x 10 pe r  meter ,  h e a t i n g  i n  t h e  gap 

is g r e a t e r  :han on t h e  top  s u r f a c e .  

Heating d a t a  f o r  t h e  s t agge red  t i l e  c o n f i g u r a t i o n  f l u s h  wi th  t h e  tunne l  w a l l  

(F igure  58 ) show t h a t  t he  t u r b u l e n t  boundary l a y e r  produced e s s e n t i a l l y  uniform 

h e a t i n g  or t h e  top  of  t h e  pane l  s i m i l a r  t o  t h a t  exper ienced  by t h e  i n - l i n e  

t i l e  model (F igure  56  ) .  A s  w i t h  t h e  f r e e  s t r eam t e s t s  of t he  s t agge red  t i l e s ,  

t h e  downstream face  of  t h e  t r a n s v e r s e  gap exper ienced  s i g n i f i c a n t  h e a t i n g  wi th  a 

d i s t r i b u t i o n  s t r o n g l y  dependent on Reynolds number. 

L a t e r a l  h e a t i n g  d i s t r i b u t i o n s  measured a c r o s s  t h e  gap f ace  of t h e  dowrstream 

t i l e  f o r  t h e  s t agge red  t i l e  c c n f i g u r a t i o n  i n d i c a t e d  t h a t  i l ea t ing  is  almost  cons t an t  

a c r o s s  t h e  h a l f  gap width  and then dec reases  i n  t he  l a t e r a l  d i r e c t i o n  s i m i l a r  t o  a 

"normal" d i s t r i b u t i o n .  
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4.1.5 Analyses of  Ames 3.5 Foot HWT T e s t s  - Analysee were performed on do ta  

ob ta ined  fram t h e  Rockwell I n t e r n a t i o n a l  gap h e a t i n g  t e a t s  conducted i n  NASA-Amea 

3 , 5  Foot Hypersonic Wind Tunnel. Data were ob ta ined  on t h i n  s k i n  t e e t  a r t i c l e s  sub- 

j s c t e d  t o  laminar ,  t r a n s i t i o n a l ,  and t u r b u l e n t  flow cond i t ions .  T e s t  c o n d i t i o n s ,  

model d e s c r i p t i o n  and d a t a  a r e  d i scussed  i n  S e c t i o n  3.1 of t h i s  r e p o r t  and i n  

Volume I1 of Reference 1 . A l l  tests used a  f l a t  p l a t e  model a t  ze ro  angle-of-  

a t t a c k .  Analyses inc luded e v a l u a t i o n  o f :  

a )  c a l i b r a t i o n  p l a t e  h e a t i n g  p a t t e r n  

b)  hea t i l ig  d ! . s t r i b u t i o n s  i n  t r a n s v e r e e  gaps 

c )  h e a t i n g  d i s t r i b u t i o n s  f o r  i n - l i n e  gaps 

d) e f f e c t  of Reynolds number on h e a t h g  

e )  e f f ,  c t  o f  gap width on h e a t i n g  p a t t e r n s  

f )  c ~ s p a r i s o n  of d a t a  t r e n d s  t o  CFHT d a t a  

C a l i b r a t i o n  runs  were made t o  c h a r a c t e r h e  t h e  flow ove r  t h e  t e s t  cor i f igura t ion  

u t i l i z i n g  a  s r c z t h  h e a t  t r a n s f e r  c a l i b r a t i o n  p l a t e .  Three rows ( l o c a t e d  l a t e r a l l y  

a t  y  = 0.0 and 2 20.54 cm) of  thermccouples and t h r e e  cor responding  t o t a l  tenper-  

a t u r e  probes were used t o  measurt  t h e  h e a t i n g  environment a long  and a c r o s s  t he  t e s t  

a r t i c l e .  F igure  59 p r e s e n t s  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  a long  the  c a l i b r a t i o n  

p l a t e  (y - -20.54) f o r  t he  fou r  test u n i t  Reynolds numbers. The hea t  t r a n s f e r  

c o e f f i c i e n t  (H ) is  based on a  recovery  f a c t o r  of  0.874 The low Reynolds number 
L 

h e a t i n g  d a t a  decreased  approximately w i t h  t h e  square  r o o t  of d i s t a n c e  a long  t h e  panel  

which is  c h a r a c t e r i s t i c  of a  lzminar boundary l a y e r .  The h ighe r  i'.eynolds number 

d a t a  show a  dec rease  and then a  sha rp  r i s e  i n  h e a t i n g  a long  t h e  panel  c h a r a c t e r i s t i c  

a f  t r a n s i t i o n a l  flow. 

The heac t r a n s f e r  d a t a  measured on t h e  t h i n  s k i n  i n s e r t s  w i t h  s imula ted  RSI 

gaps were r e fe renced  t o  the  f l a t  p l a t e  c a l i b r a t i o n  da t a .  For each t e s t  c o n d i t i o n ,  a  

two-dimensional i n t e r p o l a t i o n  i n  the  x and y  d i r e c t i o n s  was p e r f o m e d  on t h e  c a l i -  

b r a t  ion  d a t a  t o  determine the  refererice h e a t  t r a n s f e r  c o e f f i c i e n t  a t  t h e  s p e c i f i c  

loca t -ons  where gap h e a t i n g  d a t a  were measured. 

Gap Heating D i s t r i b u t i o n s  - Heating d i s t r i b u t i o n s  i n  a  s i n g l e  t r a n s v e r s e  Znp 

model a r e  shown i n  Figure  60 f o r  t h r e e  Reynolds number c o n d i t i o n s .  Cap width was 

0.254 s m  and gap depth was 2.03 cm. The h e a t  t r a n s f e r  c o e f f i c i e n t s  were normalized 

t o  t h e  c a l i b r a t i o n  p l a t e  c o e f f i c i e n t s  a t  t h e  same x and y l o c a t i o n s .  Heating d i s -  

t r i b u t i o n s  a r e  shown on the  s u r f a c e  of t he  model both forward and a f t  of t h e  gap . 
w e l l  a s  both  f aces  i n  t h e  gap. The h e a t i n g  f c w a r d  of t h e  gap i n c r e a ~ e s  and t h  r 

dec reases  wi th  d i s t a n c e  f o r  a l l  Reynolds number c o n d i t i o n s ,  and t h e  h e a t i n g  parameter  
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(HL/H/Fp) c o n s i s t e n t l y  decreases with inc reas ing  Reynolds number. The hea t ing  i n  

the  gap shows consistent Reynolds number t r ends  wi th  t h e  e f f e c t  of  Reynolds number 

much l e s s  than i s  observed i n  the  s u r f a c e  hea t ing  da ta .  The s u r f a c e  heh t ing  a f t  

of  the  gaps has i r r e g u l a r  d i s t r i b u t i o n s  wi th  an apparent  i n c o n s i s t e n t  Reynolds 

n m b e r  t rend.  It can a l s o  be  noted t h a t  the  su r face  hea t ing  r a t e s  on the  s i n g l e  

: -asverse  gap model were genera l ly  less than t h a t  measured on the  c a l i b r a t i o n  

p l a t e ,  i . e . ,  %/HFp < 1.0. 

A comparison of su r face  hea t ing  d i s t r i b u t i o n s  on the  downstream s i d e  of a 

t ransverse  ga. i s  made i n  Figure 61 on d a t a  obtained from t h e  Ames 3.5 foo t  H W  

test and t h e  LaRC CFHT test. The models used i n  t h e  Ames  t e s t s  had an ample 

number of thermocouples on the  su r face  t o  de f ine  the  hea t ing  r a t e  d i s t r i b u t i o n  n e a r  

the  gaps while t h e  model used i n  the  CFHT t e s t s  d i d  not .  The Ames d a t a  i n d i c a t e  

t h a t  the  peak su r face  hea:ing r a t e  occurs approximately one edge rad ius  do~wstream 

of the  t i l e  leading edge. A dashed curve has been added t o  the  CFHT por t ion  of t h e  

f i g u r e  t o  i l l u s t r a t e  a p l a u s i b l e  hea t ing  d i s t r i b u t i o n  which would he c o n s i s t e n t  wi th  

the  AMES data .  In  add i t ion ,  the  AMES d a t a  show a l e v e l  of s e n s i t i v i t y  t o  u n i t  

Reynolds number, i a e . ,  a s  t h e  Reynolds number is increased,  the hea t ing  r a t i o  (H/HFp) 

increases .  

Heating d i s t r i b u t i o n s  f o r  i n - l i n e  gaps from t h e  Ames 3.5 f o o t  HWT and the  CFHT 

were a l s o  compared (See Figure 62 ). These d a t a  a r e  f o r  the  top of t h e  t i l e  n e a r  

the gap where e f f e c t s  of  gap flow should be evident .  Both s e t s  of d a t a  show an 

inc rease  i n  (H/HFp) wi th  d i s t ance  a long t h e  gap. Also, the  in - l ine  gap d a t a  inc rease  

with Reynolds number a s  do the  o t h e r  da ta  measured a t  AMES. 

Heating d i s t r i t . u t i o n s  f o r  the  upstream and downstream s i d e s  of gaps o r i e n t e d  

a t  30 degrees and 60 degrees t o  the  flow (Figure 63 and 64 ) show s i m i l a r  

dependence on un i t  Reynolds number. As t h e  Reynolds number inc reases ,  the  hea t ing  

d i s t r i b u t i o n  i n t e n s i f i e s .  A t  30 degrees,  hea t ing  on the  panel  is monotonic wi th  

d i s t ance  with a sharp  drop near  the gap, Heating on the  downstream s i d e  of the  

gap shows a d e f i n i t e  enhancement due t o  t h e  gap. Reynolds number e f f e c t s  a r e  

evident  on the  downstream s i d e  of the  gap. For the 60 degree o r i e n t a t i o n ,  hea t ing  

on both s i d e s  of t h e  gap is dependent on Reynolds number. It should be noted t h a t  

the  60 degree da ta  a r e  downstream of  t h e  d is turbance caused by the  30 degree gap. 

Also s h o w  on both f i g u r e s  a r e  comparable d a t a  measured dur ing t h e  CFHT t e s t s .  

A t  the  30 degree o r i e n t a t i o n ,  the  hea t tng  d i s t r i b u t i o n s  from che CFHT and t h e  AMES 

3.5 foo t  tunnel  a t e  s i m i l a r .  A t  t he  60 degree o r i e n t a t i o n  t h e  d i s t r i b u t i o n  measured 

a t  AMES i s  h igher  than measured a t  the  CFHT. This i s  probably due t o  t h e  t r a n s i t i o n a l  

flow present  i n  the  AMES t e s t s  and the  f u l l y  t u r b u l e n t  condi t ion8 i n  the  CFIiT. 
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VOLUME I 

H E A T I N G  D I S T R I B U T i O N  O N  T O P  S U R F A C E  OF G A P  
A L I G N E D  W I T H  F R E E - S T R E A M  FLOW D I R E C T I O N  

(A) AMES TEST 

6 
0 Rem/m = 1 .53x10 (RUN 26) 
A Rem/m = 2.52~1066 (RUN 27) 
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4.2 Analysis of Silica RSI Teats in the JSC Laminar Duct - Analyses were per- 
formed on data from the Rockwell International gap heating tests in the NASA-JSC 

10 MW Arc Tunnel (Reference 2). The teat8 employed silica RSI tiles fabricated 

and instrumented by NASA Ames. The test conditions, model description, and data 

assimilated are discussed in Section 3.2 and Volcme I1 of this report. The purpose 

of the program was to obtain comparative thermal performance data on overlap and 

butt joint designs, and to evaluate the effect of tile thickness and joint gap width 

under laminar flow conditions. 

Six runs from the test program were selected for analysis. All six runs were 

made with the staggered gap design consisting of three full and two half tiles with 

a perimeter of narrow guard tiles. Gap widths of 0.127 and 0.254 cm were evaluated 

with RSI thicknesses of 2.54 and 5.08 cm. Four of the six runs were made on butt 

joint models and two runs on overlap joint models. Mass flow rate was 45.4 grams1 
6 see in all cases and enthalpy varied from 8.58 x lo6 to 21.95 x 10 JlICg. All runs 

were conducted in the channel nozzle of the JSC 10 MW Arc Jet Facil?.ty. The test 

panels were mounted in one wall of the channel nozzle and a calibration plate was 

mounted on the other ,wall. 

Included in the data analysis are the following: 

a) Selection of data for analysis 

b) Analysis method including thermal models and thermal properties 

c) Butt joint heating patterns 

d) Overlap joint heating patterns 

e) Comparison of butt and overlap joint heating patterns, and comparison 

to other test data 

f) Sensitivity studies 

4.2.1 Selection of Data for Analysis - Six runs from the test program and one 
thermocouple stack from each of the six runs were selected for analysis. The initial 

set of selected runs and thermocouple stack (TIC) are listed in Figure 65 as well 

as joint type, tile thickness, and gap width. 

In reviewing the data it was found necessary to make certain substitutions as 

described below and indicated in Figure 66 . In Run 528, TIC stack 271 was analyzed 
instead of 159. By symmetry, conditions should be identical at these locbtions but 

measurements at locations 272 and 156 were desired in the analysis and no analogour 

data were available for stack 159. 
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In rune 538 and 539, the requested TIC stack 164 is located in the upstream in- 

line gap but data for gap thermocouples 1 and i were missing. Since adequate tem- 

perature definition at and near the top of the gap is required for the inverse solu- 

tion no attempt was made to compute heating at Location 164. All data appeared good 

at location 169, and this location was used instead for the analysis of Runs 538 and 

539, Plug data for this tile were largely missing for both o: these runs, with only 

T/C No. 7 appearing valid; hence, indepth temperatures were computed and used in the 

place of the plug data. 

For runs 542 and 544, data at locations 262 were complete and these runs were 

analyzed as requested, with temperature boundaries defined by pl3g measurements at 

the center of the rile. 

4.2.2 Analyeis Method - The MDAC HEATRAN inverse solution technique was used 
to obtain gap convective heating distributions from the test temperature data. Test 

results used in the analysis consisted of gap and plug temperature histories, tesc 

section pressures and channel wall temperature. The calibration plate served as a 

Sasis for referencing data and as a basis for investigating anomalies. Thermal 

models, material thermal properties and solution/test times are discussed below. 

Thermal Models - Two thermal models were developed for this analysis--one for 
the butt joint configuration and one for the overlap joint with filler bar. The 

butt joint model is shown in Figure 67 and the overlap joint model in Figure 68 . 
Both models are modifications of an existing model described in Reference 1 . 

In the butt joint model the RSI and waterproof coating are divided into 17 

layers vertically and each RSI layer was divided into two sections laterally. All 

temperature node locations are defined in Figure 67 . rode byacing is con~i.ant be- 

tween nodes 1 and 4, 4 and 15 and from 15 to 18; within these limits the spacing 

may be varied. The coating on top of the RS: is not shown in the sketch but was 

assumed to be the same thickness as in the gap alrd its effect is accounted for in 

the conduction and storage terms associated with nodes 22 and 43. 

Radiation among the model components was accounted for as indicated by radiosity 

nodes 83 through 124 and 128 through 132. At each time step radiation view factors 

were computed using the crossed-strings method. 

The 0.216 cm layer under the RSI tile consists of a 0.152 cm thick strain lso- 

lation pad with a 0.025 cm RTV bond on top and a 0.038 cm RTV bond on the bottom. 

Effective thermal properties were computed from the actual properties for this com- 

posite layer. Two conductivities were used, one defining resistances in parallel 
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for lateral conduction and one for vertical. conduction in which the resistances were 

treated as in series. Under this layer iu 0.152 cm r.f aluminum, extending to the 

edge of the gap and under this a 0.218 cm sheet of aluninum whlich functioned as a 

support plate for the entire panel. At the bottom is 2.54 cm of TG 15000 insulatioa. 

Temperature nodes 43 through 60 are located to coincide with the plug thermo- 

couple stack. Temperatures of these nodes were forced to follow the measured tem- 

peratures when the latter were availoLle, i.e., a temperature boundary was defined 

by the data. When no plug data were available the temperatures of nodes 43 through 

60 were computed. For gape aligned parallel to the flow, temperature and heating 

conditions sheuld be symmetrical on both sides of the gap and were so assumed in the 

analysis. 

The foregoing discussion of the butt joint model is generally applicable to 

the overlap joint model, Figure 68 , except that the latter was expanded to include 
the filler bar and the waterproof coating on its exposed surface at the bottom of 

the gap. The filler material is FI 600 which is a lightweight fibrous material 

which was compressed at time of installotion and hence is assumed to fill t b  - 
closure alleviating the need to account for air gaps or contact resistanr ~e 

to the low therul expansion coefficient for silica RSI, 0.54 x c d ~ a  . : changes 
in gap width during a test were insignificant. Consequently, gap width war held 

constant during the analysis for each tat. 

Thermal Properties - Thermal properties were used in the analysis as provided 
by Rockwell International except that those for the RTV bond and strain isolation 

pad were combined to provide effective properties fcr a composite layer as dis- 

cussed above in the Thermal k d e l  sec+.ion. Pressure remained relatively constant 

during test periods, hence pressure dependent properties were defined at a mean 

pressure obtained from measurements during each run along the centerline of the 

calibration plate in the opposite wall of the channel nozzle. Interpolation with 

pressure in the property tables was logarithmic. 

A nominal emittance of 0.8 was used for the coating fired on the tiler by 

Ames, The channel wall cmisrivity was assumed to be 0.77 and that of the aluminum 

exposed at the bottom of the butt jolnt gap was assumed to be 0.35. 

Inverse Solution Tlmes versus Test Times - Test times for the six runs analyzed - 
was from 269 to 2040 seconds, depending on tile thickness, gap size and sap configura- 

tion. The inverse rolution was applied from the start of temperature rise to a time 
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at which tesperatures near the tile top surface approached steady state conditions, 

or to the end of the test time if surface steady state conditions were not achieved. 

Test times and inverse solution times are tabulated in Figure 69 . 
4.2.3 -- Butc Joint Beating Patterns - Of the four sets of butt joint data analyzed 

(See Figure 65 ) only that from rune 542 and 544 included nearly complete plug tem- 

perature distributions. For theee .uns no data were available for the second thermo- 

couple from the top of the plug (T/C 7) but the remaining data appeered to provide 

adequate definition of the temperature distribution in the plug, hence were used to 

provide a temperature boundary for the inverse solution. Figures 70 and 71 show 

heating rate distributione normalized to the surface value. Figure 70 1:mploys a 

linear scale and was used to fair curves through the computed points; Figure 71 

presents the same information in log-log form. 

The same instrumented 5.08 cm thick tiles were used in tyese two tunnel runs, 

with the gap width (0.127 and 0.254 cm) being the only parameter changc:. The be- 

havior of the solution for Run 542 as the heating rate upproaches zero was found to 

be typical of those for the 0.127 cm gap data and considerable effort was devoted to 

understanding it. A curve was faired through the deta assuming that the sharp drop 

to a negative heating r-te is spurious. However, it was noted early In the study 

that the 0.127 cm gap data showed temperatures unexpectedly and significantly lower 

than plug temperatures at the same deyth. Figure 72 shows the distribution of gap- 

plug temperature differences for runs 542 and 544. For the 0.254 cm gap, the plug 

and gap temperatures are within 14 C deg at the surface, the distribution vuries 

smoothly and the gap temperatures are higher than the plug temperatures over most 

oE the range. However, the 0.127 cm gap data shows plug tempecature significantly 

higher than gap temperatures to a dcrth of 3.43 cm. This difference reaches a sharp 

maximm of 99°C at the same location as the spuricus--appearing negative heating 

rate in Figure 70 and indicates an internal coaduction from the plug taward the 

gap* 

The cavse of the anomaly has not been determined. The fact that surface tem- 

peratures are higher at tb- plug than at the gap for both runa 542 and 544 (mee Figure 

72) suggesto a variation in heating conditions across the channel nozzle. plug 

temperature histories are identical for both rams exce2t for the initial steep rise 

period of about 40 seconds, indicating good run repeatability. The same instrumented 

tiles are used for both runs, so that differences in thermal properties tentatively 

may be ruled out. Gap width Is the only known variable and Figure 72 Suggest8 a Pos- 

sible variation or nonuniformity in gap width which might affect both the cavity 
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ignificant frac- 

tion of the smaller gap while having no obvious effect on the '-arger gap data. 

Results of the analysis on the two 2.54 cm thick butt joint tests, runs 538 

and 539, are shown in Figures 73 and 74 . For these runs, the data were inade- 
quate at the requested location (no. 164) on an upstream tile and location 169 on 

the center downstream tile was substituted. Since data were available from only 

one RSI plug thermocouple, the temperature at the plug nodes were computed as a 

part of the solution. The surface temperature on the top of the tile was assumed 

uniform although this was found not to be the general case. For the 0.127 cm gap 

(run 538) data from the one functioning thermocouple indicate plug temperatures 

appreciably higher than gap temperatures at the same depth; the same thermocouple 

in the 0.254 cm gap run (run 539) indicates plug temperatures equal to or lower 

than corresponding gap temperatures. The heating distribution in the 2.54 cm tile 

and for the 0.127 cm gap exhibits the same form as that for the 5.08 cm tile, and 

the distribution of the 0.254 cm gap has a small irregularity at the same depth. 

Gaplplug temperature differences are shown in Figure 75 for these runs. 

These distributions have the same form as those in Figure 72 for the 5.06 cm 

tiles. The initial irregularity (within 0.254 cm of the surface) is probably due 

to the o;sumption of constant surface temperatures between the gap and plug. The 

minima at a depth of 0.305 cm again correspond to the erratic points in the heat- 

ing distribution curves in Figure 73 . These distributions both become asymptotic 

to the same slightly negative value, q/qSURFACE % -0.02. Since both of these curves 

were obtained from the same instrumented tiles the effect is presumably associated 

with the tite or instrumentation, i.e., an error associated with a given thermo- 

couple ..ading or location and/or a deviation in coating thickness. 

h.2.4 Overlap Joint Heating Patterns - The heating distribution for run 533 
is shown in Figure 76 and 77 and the gap/plug temperature difference distri- 

bution in Figure 78 . The test used a 5.08 cm tile with overlap in-line joint 

and 0.127 cm gap width. These figures exhibit the same phenomena observed in the 

other 0.12' cm gap results, with the plug temperature 130°C higher than the gap 

temperacure 0.330 cm below the surfdce. The fact that the heating distribution is 

aqr~~potic to the same value of % -0.02 as seen in Figure 73 is fortuitous since 

th2 temperature distributions are not analogous. In run 533 plug temperatures are 

higher than gap temperatures to a depth of 1.473 cm and the negative asympote in- 

volves conduction from plug to gap over that depth. 
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The second overlap joint analyzed was for run 528 at the location where the 

tiles form an aft facing T-slot. As noted previously for this run, location 271 

rather than 153 (Figure 66 ) was used; since by symmetry, conditions should be 

identical at both locations and locations 156 and 272 provided additional data 

desired in the analysis. Proper analysis of the T-slot involved formulating a 

three-dimensional model with three-dimensional view factors and increasing the 

number of nodes. The scope of the study did uot permit the formulating of such a 

model, so hypothetical conditions were analyzed using the two-dimensional thermal 

model to establish bounds for the heating at location 271. It . -s assumed that 
the gap wall at location 271 would see an opposite wall with temperaturelview fac- 

tors representing upper and lower limits. Figure 79 is an isometric sketch of 

the T-slot configuration, illustrating the locations where temperature histories 

were available. It was expected that reattaching flow would result in the highest 

temperatures at locatim 156 and that temperatures at location 271, which sees 156, 

would be intermediate between those at 156 and 272. Figure 80 shows actual tem- 

perature distributions at these locations. As expected, those at location 156 are 

the highest. Near the surface, location 271 temperatures are intermediate but 

crossover at a depth of 0.203 cm and then drop increasingly below those at 272. 

This trend probably results from the radiation relief provided by the increased 

view factor to the channel wall and, perhaps to some extent, to the bottcm of the 

in-line gap. 

Since temperature bounds were defined by measurements at locat*ms 156 and 

272 only to 0.254 cm below the surface and by measurements at locations 156 and 

271 over the rest of the gap, three cases were coaputed using the two-dimensional 

model and the following assumptions: 

a. Wall temperatures were assumed identical across the gap, as measured at 

location 271 and the nominal surface emissivity of 0.8 was used. 

b .  Wall temperatures opposite location 271 were assumed equal to those at 272 

and the nominal surface emissivity used. 

c .  Wall temperatures opposite location 271 were assumed equal to those at 156 

and an effective slot emittmce of unity was assumed at 271. 

The heating distribl :ions obtained with these three assumptions are shown in 

Figure 81 . Using assunption (a) the gap heating distribution is reasonable al- 

though asymptotic to a slightly more negative value than was found in any of the 

other runs analyzed. The heating distributions obtained using ass:~mptims (b)  and 
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(c) show heating dropping to and remaining at significant negative values to the 

bottom of the gap. 

The gap-plug temperature differences are shown in Figure 82 with the plug 

temperatures being higher at all depths. Taken together and in comparison with 

the other 0.127 cm gap runs, Figures 80 through 82 indicate that the T-slot 

configuration requires better radiation modeling and perhaps better temperature 

definition of radiating surfaces than are obtainable from the present data. 

4.2.5 "omparison of Heating Distributions - A compari3on of butt and overlap 

joint heating distributions is made in Figure 83 . Gap heating rate distributioms 
for runs 542 and 533 are shown together to illustrate the effect of gap depth. Run 

542 has a gap depth of 5.08 cm and run 533 (5.08 cm tile with 2.54 cm filler bar) 

has effectively a 2.54 cm deep gap. The curves coincide closely over most of the 

range with differences only near the bottom of the gap. 

A comparison was also made between data from this test (runs 542 and 544) with 

previous gap heating tests in the JSC 10 MW channel nozzle. Figure 84 is adapted 

from Figure 31of Reference 1 and shows gap heating distributions on a 5.08 cm 

butt joint computed from a previous test reported in Section 1.1.2 and Reference 

1 . Data from runs 542 and 544 of the present test progrzm have been added and 

are seen to be in good agreement. Cold gap widths in the present test correspond 

to two of those from the earlier cest. However at the test condition, the gap 

widths for the present test vary only slightly from the cold value because of the 

much lower RSI thermal expansion coefficient. 

4.2.6 Sensitivity Studies - The effects of 1) the high sensitivity of the RSI 
thermal conductivity to pressure and 2) coating thickness variations on the computed 

heating distributions were briefly examined. 

On noting the unexpectedly high plug temperatures, case 544 was rerun to 100 

seconds assuming atmospheric pressure in the test section. This rerun was made 

assuming the internal pressure in the RSI might not have adjusted to the test sec- 

tion pressure resulting in higher RSI thermal conductivity (Ref. 2, Fig. 10) As 

expected, the gap heating was not significantly affected but the RSI temperatures 

between the gap and plug (nodes 23 to 39) were appreciably higher than obtained with 

the recorded test pressures. Figure 85 shows results for this rerun case. The 

temperature at node 22 was obtained by interpolat5,lg linearly between the gap and 
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plug surface thermocouple data, and nodes 23 through 39 (Stack A) were computed by 

the program. For the test pressure (0.005 atmosphere) run, temperatures at these 

intermediate nodes were lower than either the gap or plug temperatures, indicating 

that the thermal properties are not consistent with the recorded data. While for 

the rerun, the resulting temperature distribution was much more realistic. 

Run 542 was rerun to 250 seconds assuming a coating thickness of 0.038 cm 

rather than 0.025 cm, resulting in normalized heating rates up to 5.7X higher in 

the upper section of the gap than reported in Figures 70 and 71. 
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4.3 Analysis  of Supplemental LaRC Mach 10 CFHT T e s t s  - Analyses were performed 

of a d d i t i o n a l  gap hea t ing  d a t a  obta ined i n  the  LaRC Mach 10 CFHT. Analyaes of t h e  

o r i g i n a l  CFHT t e s t s  a r e  repor ted  i n  Sect ion 4.1.3 he re in .  The purpose of t h e  supple- 

mental t e s t s  was t o  s u b s t a n t i a t e  t h e  c a l i b r a t i o n  d a t a  measured p r e v ~ o u s l y ,  t o  eval -  

u a t e  t h e  e f f e c t  of zero gap width,  and t o  determine the  e f f e c t s  on hea t ing  i n  the  

t i l e  gaps at  higher  Reynolds number. The tests employed the  same model used i n  t h e  

previous t e s t s ,  namely, a  w a l l  mounted instrumented t h i n  s k i n  t i l e  surrounded by an 

a r ray  of uninstrumented RSI t i l e s .  The t e s t  cond i t ions ,  model d e s c r i p t i o n ,  and 

d a t a  a ss imi la ted  a r e  d iscussed i n  Sect ion 3.3 azld Volume I1 of t h i s  r e p o r t .  The 

t e s t  matr ix  is repeated i n  Figure 86 f o r  convenience and g ives  run number, gap 

width,  t i l e  o r i e n t a t i o n  and u n i t  Reynolds number. 

Included i n  the  d a t a  a n a l y s i s  a r e  the following: 

a )  Gap hea t ing  d i s t r i b u t i o n s  f o r  the  supplemental t e s t s  including e f f e c t s  

of gap width and in - l ine  versus  s iaggered t i l e  o r i e n t a t i o n .  

b) Comparison ~f  supplemental and o r i 8 i r . d  hea t ing  p a t t e r n s .  

c )  E f f e c t  of Reynolds number on hea t ing  r a t e s  

c)  I n v e s t i g a t i o n  of anomalies i n  hea t ing  d i s t r i b u t i o n s ;  s p e c i f i c a l l y ,  the  

decrease i n  s u r f a c e  hea t ing  near the  edges of the  t h i n  s k i n  t i l e  and the  g r e a t e r  

hea t ing  r a t e s  on top of the  t i l e  than t h a t  measured on the  f l a t  c a l i b r a t i o n  p l a t e .  

4.3.1 Supplemental CFHT Heating Analysis  - The hea t ing  d i s t r i b u t i o n s  ac ross  

the  top of the  t i l e  and w i t h i n  t h e  gap a r e  presented h e r e i n  f o r  t h e  s taggered 

t i l e  p a t t e r n  and the  i n - l i n e  t i l e  o r i e n t a t i o n s .  Heating p a t t e r n s  were defined f o r  

both t i l e  o r i e n t a t i o n s  f o r  zero gap (no gap), 0.13 cm and 0 .23  cm gap widths. The 

zero gap width was achieved by p lac ing  den ta l  p l a s t e r  i n  the  gaps t o  an approximate 

depth of 0.64 cm above the top su r face .  The su r face  of the  d e n t a l  p l a s t e r  was 

allowed t o  harden and then sanded u n t i l  a  smooth t r a n s i t i o n  was achieved between 

the  t i l e s .  A s  f o r  the  previous CFHT t e s t s ,  the  i n - l i n e  arrangement i s  achieved by 

r o t a t i n g  the t e s t  a r t i c l e  90 degrees from the  s taggered t i l e  o r i e n t a t i o n  (see  Figure 

45  ) ;  and f o r  the  i n - l i n e  arrangement, t h e  t i l e s  a r e  i n - l i n e  i n  the  a x i a l  d i r e c t i o n  

only. I n  the  l a t e r a l  d i r e c t i o n  (normal t o  the  flow) the t i l e s  a r e  s taggered.  The 
6 

u n i t  Reynolds number per  meter during these  t e s t s  was 3.3 x 10 . A l l  hea t ing  data  

have been normalized by t h e  f l a t  p l a t e  c a l i b r a t i o n  d a t a .  

Heating p a t t e r n s  f o r  the  s taggered t i l e  o r i e n t a t i o n s  a r e  shown i n  Figures 87 , 
88 and 89 . 'l'he d a t a  i n  Figure 87 were measured a t  t h e  t i l e  c e n t e r l i n e  (Y - 0). 

while Figure 88 and 89 d a t a  were recorded a t  t h e  t i l e  edges of Y = +7.2 c a  and 
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Y - -7.2 cm respec t ive ly .  For each Y l o c a t i o n ,  hea t ing  d i s t r i b u t i o n s  a r e  presented 

f o r  rhe th ree  gap widths inves t iga ted .  

S imi la r ly ,  r e  d t s  a r e  presented f o r  the  i n - l i n e  t i l e  o r i e n t a t i o n  i n  Figures 

90 (Y = 0) , 91  (Y - +7,2 cm) , and 92 (Y = -7.2 cm) . 
Major conclusions drawn from t h e s e  supplemental d a t a  a r e  t h a t  t h e  zero gap 

width condi t ion shows a  hea t ing  p a t t e r n  very s i m i l a r  t o  t h a t  produced when a  

physica' gap e x i s t e d ,  hea t ing  r a t i o s  (HT/HFp) a t  t h e  c e n t e r  of the  t i l e  exceeded 

the  c a l i b r a t i o n  p l a t e  heat ing,  and su r face  hea t ing  decreases  near  the  edges of the  

t h i n  s k i n  t i l e .  The causes f o r  these  anomalies were inves t iga ted  a s  repor ted  i n  

Sect ions  4.3.4 and 4.3.5. Also, the  in - l ine  gap conf igura t ion  a t  a l l  t h r e e  l a t e ra :  

(Y) loca t ions  show a s t ronger  senof t i v i t y  t o  g&p width than does the  s taggered 

conf igurat ion.  For both conf igurat ions ,  t h e  h e a t i n g  pattern-i  a t  the  edges of the  

t i l e  (Y = f: 7.2 cm) e x h i b i t  a  lower l e v e l  of hea t ing  which is a l s o  l e s s  s e n s i t i v e  

t o  gap width than the  c e n t e r l i n e  case.  

A comparison of the d a t a  a t  the  t i l e  edges (Y - 2 7.2 cm) i n d i c a t e  the hea t ing  

pa t  t e r n s  d e v i a t e  somewhat r a t h e r  than being symmetric about the  c e n t e r l i n e .  For 

both t i l e  o r i e n t a t i o n s  (Figures 88 and 89 f o r  s taggered and Figures 91  and 92 

f o r  in - l ine ) ,  the  hea t ing  a t  the  l ead ing  edge i s  higher  a t  Y = -7.3 cm than a t  

Y = +7.2 cm. This dev ia t ion  may be due t o  a  s l i g h t  mtsmaech i n  t i l e  he igh t  causing 

a  smal l  s t e p .  

4.3.2 Comparison t o  0r ig in; l l  CFHT Testt .  - The hea t ing  d i s t r i b u t i o n s  obtained 

i n  these supplemental CFHT t e s t s  were compared t o  the  o r i g i n a l  analyses  repor ted  

i n  Sect ion 4.1.3 of t h i s  r epor t  and a l s o  i n  Reference 1 . The comparison was made 

f o r  the  s taggered t i i e  conf igura t ion  and i o r  c e n t e r l i n e  (Y = 0) hea t ing  d i s t r i b u t i o n e .  

For both s e r i e s  of t e s t a ,  t i l e  th ickness  was 6.35 cm and the  t h i n  sk in  t i l e  had an 

edge rad ius  of 0.3775. Likewise, the  t e s t  condi t ions  were a  Mach number of 10 and 
6 

a  un i t  Reynolds number per  meter of 3.3 x  10 . A l l  d a t a  were cor rec ted  f o r  t h i n  

s k i n  t i l e  s p e c i f i c  hea t  variations (C ) a s  descr ibed i n  Sect ion 4.3.5. 
P  

The c o q a r i s o n  between :he supplemental m a  o r i g i n a l  d i s t r i b u t i o n s  is shown i n  

Figure 93 f o r  gap widths of 0.127 and 0.229 cm. Both gap and top of the t i l e  d i s -  

t r i b u t i o n s  a r e  shown. Again, the  t i l e  hea t ing  has  been normalized t o  t h e  f l a t  p l a t e  

c a l i b r a t i o n  heat ing.  A s  seen,  agreement is  poor between the  o r i g i n a l  and supple- 

mental hea t ing  d i s t r i b u t i o n s ,  p a r t i c u l a r l y  on t h e  top  su r face  of the  t i l e .  Tho 

o r i g i n a l  da ta  show a  higher  hea t ing  near  the leading edge of the t i l e ,  whi le  the  

supplemental t e s t  hea t ing  peaks near  the  c e n t e r  and a f t  edge of the  t i l e .  In 
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add i t ion  the  o r i g i n a l  d a t a  are l e s s  s e n s i t i v e  t o  gap width v a r i a t i o n s .  It is  a l o o  s 
4 

noted t h a t  the  o r i g i n a l  d a t a ,  even a f t e r  c o r r e c t i o n  f o r  s p s c i f i c  hea t  v a r i a t i o n s ,  ,& 

s t i l l  e x h i b i t  h igher  hea t ing  on t h e  top s u r f a c e  than t h e  f l a t  p l a t e  :-:.e., 5' i 

HFP > 1 . 0 ) .  The reason f o r  the  poor comparison between the  supplemental and o r i g i n a l  

hea t ing  d i s t r i b u t i o n s  i s  unkncwn ; poss ib le  causes could be t i l e  mismatch, d i f f e r e n t  

ins t rumenta t ion s e t  po in t s ,  and d i f f e r e n t  t e s t  techniques.  

The gap hea t ing  d i s t r i b u t i o n s  were again  compared us ing a  d i f f e r e n t  normal iza t ion 

parameter than f l a t  p l a t e  heat ing.  Since the  hea t ing  i n  t h e  gap and t h e  hea t ing  on 

the  top of the t i l e  a t  the  gap a r e  i n t e r r e l a t e d ,  t h e  f e a s i b i l i t y  of developing 

c o r r e l a t i o n s  i n  terms of ' 5 / H ~ ~ ~ ~  was suggested. For example, by employing t h i s  

parameter good agreement was obta ined f o r  gap hea t ing  (both the  downstream and up- 

stream face  of the  gap) between the  supplemental and o r i g i n a l  da ta .  These comparisons 

a r e  made i n  Figures 94 and 95 , again f o r  the  s taggered t i l e  o r i e n t a t i o n  and c e n t e r  

l i n e  d i s t r i b u t i o n s .  I n  Figure 94 , the  Z d i s t a n c e  i n t o  the  gap is used a s  a  re-  

ference ,  while i n  Figure 95 the  d i s t a ~ c e  down the  gap i s  measured from the  top of 

the  t i l e  and includes  the edge rad ius .  Using the  l a t t e r  reference  improves t h e  

comparison, e s p e c i a l l y  near the  top of the  gap. 

4.3.3 Reynolds Number Ef fec t  on Heating Rates - One purpose of conducting 

a d d i t i o n a l  t e s t s  was t o  determine the  e f f e c t  of h igher  Reynolds number on hea t ing  

i n  the  t i l e  gaps. The o r i g i n a l  CFHT t e s t s  were a l l  conducted a t  a  R e y ~ ~ o l d s  number 

per  merrr of 3.3 x l o 6 ,  while supplemental t e s t s  were conducted a t  both 3.3 x 10 
6 

6  
and 7.4 x 10 . Test  seccion Mach number was 10 f o r  a l l  runs.  

The CFHT s i d e  w a l l  he - t ing  was c a l i b r a t e d  f o r  both flow cond i t ions  used i n  

the  gap hea t ing  experiments. The hea t ing  d i s t r i b u t i o n s  (Figure 96 ) a r e  s i m i l a r .  

Although the d i s t r i b u t i o n s  a r e  s i m i l a r ,  ind iv idua l  c a l i b r a t i o n  curves were used t o  

normalize hea t ing  d a t a  f o r  each Reynolds number t e s t  condi t ion.  The heat  t r a n s f e r  

c o e f f i c i e n t s  (h ) repor ted  i n  the  f i g u r e  have been cor rec ted  f o r  s p e c i f i c  hea t  
0 

a s  discussed i n  Sect ion 4.3 .5 .  

The e f f e c t  of inc reas ing  Reynolds number on t i l e  hea t ing  is shown i n  Figure 

97  f o r  the  s taggered t i l e  conf igura t ion  and f o r  the  c e n t e r l i n e  (Y = 0)  d i s t r i b u -  4 

t i o n .  The hea t ing  a t  the  h igher  Reynolds number flow cond i t ion  has  been referenced 
6 

t o  the  hea t ing  d i s t r i b u t i o n s  a t  a  Reynolds .lumber of 3.3 x  10 /m. For t h i s  r e f e r -  

ence c a s e ,  t h e  dat-i were previously  repor ted  i n  Figure 87. Resu l t s  a r e  presented 

i n  the  f i g u r e  f o r  gap widths of 0 .0 ,  0.127 and 0.229 cm. As seen ,  t h e  e f f e c t  of 

h igher  Reynolds number is t o  double hea t  t r a n s f e r  c o e f f i c i e n t s  on t h e  c i l e  su r face .  

Within the  gap the  hea t ing  i n c r e a s e s  by f a c t o r s  va r ing  from 1 t o  3,  depending upon 

gap width and l o c a t i o n  wi th in  t h e  gap. 
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- .  S T A G G E R E D  T I L E  G A P  H E A T I N G  I N  C F H T  ( Y  -- 0 .0 )  

0 W = 0.127cm Run 2 H~~~ MEASURED AT S = 0.0 
W = 0.127cm Run 161 Mm = 10 
W = 0.229~111 Run 14 
W = 0.229cm Run 165 Realm = 3.3 x 10 6 

A W = 0.457~111 Run 31 
Q W = 0.711cm Run 120 

W = GAP WIDTH 

OPEN SYMBOLS - ORIGINAL RUNS EDGE RADIUS = 0.31 75cm 
CLOSED SYMBOLS - SUPPLEMENTAL RUNS ~ o t  corrected f o r  conduction 

1 
2 RS I 

THIN  SKIN T I L E  

U 
DOWNSTREAM FACE OF GAP 

0 1 2 3 0 1 2 3 

Z ; CM) Z(CM) 
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S T A G G E R E D  T I L E  G A P  H E A T I N G  I N  C F H T  ( Y s  0 .0)  
0 W = O.127cm Run 2 "EDGE MEASURED AT S = 0.0 
0 W = 0.127cm Run 161 Mm = 10 
EJ W 0.229cm Run 14 

R e d m  = 3.3 x 10 6 W = 0.229cm Run 165 
A W = 0.457cm Run 31 W = GAP WIDTH 
0 W = 0.711cm Run 120 

OPEN SYMBOLS - ORIGINAL RUNS EDGE RADIUS = 9.3175cm 
CLOSED SYMBOLS - SUPPLEMENTAL RUNS Not corrected fo r  conduction 
h 

2 FLOW 

1 
RS I Z RS I 

THIN S K I N  TILE 

0 1 2 3 0 1 2 

W M )  S(CM) 

1 38 Figure 95 
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H E A T  T R A N S F E R  D l S T R l  B U T I O N  I H F ~  F1 (Y)1 O N  
F L A T  P L A T E  M O U N T E D  O N  C F H T  S I D E W A L L  

-10 -8 - 4 0 -4 -8 ( INCH)  

Y 
/MAXIMUM REGION OCCUPIED I 
+BY THIN SKIN TILE.-1 

Figure 96 
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E F F E C T  O F  R E Y N O L D S  N U M B E R  ON S T A G G E R E D  
T I L E  H E A T I N G  I N  CFHT ( Y = 0 .0 )  

A 
FLOW L 

ALPHA = 0.0 DEG, 
M - 10 
WO = GAP WIDTH 
Cp CORRECTED 
CONDUCT1 ON CORRECTED 

d 
VIEW A-A 

, , < t I 8 I 8 1  , . 
i I : ! : :  i , . , I j . +  . . . . . .  

I . ,  I 

-1  2 - 8 - 4 0 4 8 12 
- 
X - DISTANCE FROM CENTER OF T I L E  (cm) 
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4 . 3 . 4  I n v e s t i g a t i o n  of  Decrease i n  Su r f ace  heat in^ a t  T i l e  Edges - The hea t -  

i n g  d a t a  taken  i n  t h e  CFHT d u r i n g  bo th  t h e  o r i g i n a l  and supplementa l  t e s t  runs  

e x h i b i t e d  c h a r a c t e r i s t i c s  which have n o t  been s a t i s f a c t o r i l y  exp la ined .  T h i s  

c h a r a c t e r i s t i c  i s  a dec rease  i n  s u r f a c e  h e a t i n g  n e a r  t h e  edge o f  t h e  t h i n  s k i n  t i l e  

a s  s een  i n  F igu re  87 through 93 f o r  b o t h  s t agge red  and i n - l i n e  t i l e  c o n f i g u r a t i o n s .  

Some of t h e  p o s s i b l e  r ea sons  f o r  t h i s  lower h e a t i n g  l e v e l  a r e :  

a )  Flow phenomena produced by t h e  p re sence  of t h e  gaps 

b )  T r a n s i e n t  conduct ion  e f f e c t s  i n  t h e  t h i n  s k i n  t i l e  

c) Thickness v a r i a t i o n s  i n  t h e  t h i n  s k i n  t i l e  

Gap Flow Phenomena - Ten gap h e a t i n g  runs  (See F igu re  86 ) were made d u r i n g  

t h e  supplementa l  t e s t  program. Two of t h e s e  runs  were made wi th  d e n t a l  p l a s t e r  i n  

t h e  gaps ( z e r o  gap width)  t o  show t h e  e f f e c t  of  gaps on t i l e  s u r f a c e  h e a t i n g .  

F igu re  8 7  p r e s e n t s  t h e  measured h e a t i n g  d i s t r i b u t i o n  a long  t h e  c e n t e r l i n e  o f  t h e  

t i l e  f o r  ze ro ,  G.13 cm, and 0.23 cm gap width.  I t  can be  s een  t h a t  t h e  h e a t i n g  r a t e  

dec reases  n e a r  t h e  f r o n t  edge of t h e  t op  s u r f a c e  f o r  t h e  z e r o  gap run as w e l l  a s  f o r  

t h e  runs w i th  gaps p r e s e n t .  T h i s  s u g g e s t s  t h a t  flow phenomena a s s o c i a t e d  wi th  gaps 

a r e  no t  t h e  cause  of t h e  dec rease  i n  ncasured  s u r f a c e  h e a t i n g  r a t e  n e a r  t h e  t i l e  

edge.  S ince  t h e  f i l l e d  gap runs  d i d  n o t  produce a f l a t  p l a t e  h e a t i n g  d i s t r i b u t i o n  

on t h e  t i l e  s u r f a c e ,  i t  was dec ided  t o  t a k e  a  d e t a i l e d  look a t  conduct ion  i n  t h e  

t i i n  s k i n  t i l e  f o r  a  f i l l e d  gap run.  

Temperature d i s t r i b u t i o n s  a l o n g  t h e  c e n t e r l i n e  of  t h e  t h i n  s k i n  t i l e  f o r  a  

t y p i c a l  open gap run and t h e  two f i l l e d  gap runs a r e  shuwn in Figure  9 8 .  These 

distributions were measured a t  t h e  time when h e a t i n g  r a t e s  were eva lua t ed .  The 

open gap d i s t r i b u t i o n  shows a tempera ture  g r a d i e n t  between t h e  s u r f a c e  and t h e  gaps 

which is due t o  p r e h e a t i n g  of  t h e  t i l e  du r ing  +bz i n s e r t i o n  procedure .  T h i s  d i s -  

t r i b u t i o n  is t y p i c a l  of  t h e  d i s t r i b u t i o n s  e r i s t i n g  i n  open gap t e s t s .  The f i l l e d  

gap was achieved  by p l a c i n g  d e n t a l  p l a s t e r  i n  t h e  gaps t o  an  approximate dep th  of 

0.6h c e n t i m e t e r s  from t h e  t o p  s u r f a c e .  The s u r f a c e  of  t h e  d e n t a l  p l a s t e r  was al1.owed 

t o  harden  and t h e n  sanded u n t i l  a smooth t r a n s i t i o n  between t i les  was ach ieved .  I t  

i s  appa ren t  from t h e  measured tempera ture  d i s t r i b u t i o n s  t h a t  t h e  d e n t a l  p l a s t e r  was 

much c o o l e r  t han  ambient  when t h e  t e s t s  were run .  The f i r s t  f i l l e d  gap run  had 

measured gap tempera tures  as low as 6.1°C, whi l e  the t op  of t h e  t i l e  was a t  2 7 . 6 O C  

a t  i t s  c e n t e r .  The seccnd gap run  (170) a l s o  had s e v e r e  tempera ture  g r a d i e n t s  w i t h i n  

t h e  t i l e .  These i n i t i a l  t empera tu re  g r a d i e n t s  a r e  t h e  p robab le  cause  f o r  f a i l u r e  o f  

t h e  f i l l e d  gap t e s t s  t o  produce a  f l a t  p l a t e  h e a t i n g  d i s t r i b u t i o n  on t h e  t i l e  s u r f a c e .  
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Transient Conduction Effects in Thin Skin Tile - Run 170 was evaluated to 
determine if correcting the measured heating rates for conduction would result in 

a uniform heating dietribution on the tile surface. To evaluate the effect of 

transient .onduction on the heating raze, seco..ld derivative of temperature with 
2 - respect to distance ( a  TIaX ) must be determined. The methods used to calculate 

the second derivativeu are shown in Figure 99. One method was to hand fair a 

smooth curve through the measured temperaturec and numerically determine the second 

derivative using 3 points from the curve. A range of values was obtained due to 

uncertainties inherent in reading the hen4 faired curve. Another approach employed 

a fourth order least squares curve iit using seven data points to determine the 

temperature as a function c2 distance. The second derivative wae then evaluated 

at the center data point. The third method used was a second order curve fit using 

three data points. The second derivative was evaluated at the center data point. 

Figure 99 presents a summary of the seccnd derivatives for the surface thermo- 

couples. Also shown is the uncorrectad and corrected nondimensionalized heat 

transfer coefficients (HT/H FP). These coefficients are presented in Figure 100 

as a function of distance from the center of the tile. The conduction corrected 

coefficients are shown as a range of values as computed by the three methods. The 

open symbols display the characteristic surface heating distribution that has been 

observed in all the CFHT tests. In general, the conduction correction results in 

an insignificant change in the heat transfer coefficient. The thermocouple located 

at 2 .- -7.62 cm is known to be covered with dental plaster and thus should not 

have convective heating. The conduction correction tends to reduce 

che zoefficient toward zero at this location. The heating at locations -7.21 cm 

and +7.40 cm is not significantly affected by correcting for conduction. In 

addition, the level of heating at these locations is approximately the same as is 

measured with open gaps (See Figure 87 ) . 
It appears that neither conduction or gap flow phenomena (1.s.. the presence 

of dental plaster) adequately explains the low heating measured at these locations. 

Correcting for conduction made a non-trivial change in the heat transfer coefficiect 

at 2 = -6.85 cm. The remaining thermocouples show very iittle ef f e ~ t  of conduction 

on measured heating. 

The above corbclusions are reinforced by the cotnparison of conduction-corrected 

end uncorrected heating rates for Run 161 shown in Figure 101. 
1 
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C F H T  T I L E  S U R F A C E  H E A T I N G  W I T H  C L O S E D  G A P  
RUN 170 LEGEND 
Mm = 10 mAf TfWSFER COEFFICIENT BASED 3N HEAT 

e Rem/m = 3 . 3 ~ 1 0 ~  STORAGE ONLY 
RANGE OF CONDUCTION CORRECTED HEAT TRANSFER I COEFFICIENTS - ESTIMATED SURFACE HEATING --- ESTIMATES, CLZFACE HEATING 2 5% 

I - DISTANCE FROn CENTER OF TILE (cm) 

Not corrected for Cp 
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C O M P A R  l S C N  O F  C O N D U C T I O N  C O R R E C T E D  A N D  
U N C O R R E C T E D  H E A T I N G  I N  C F H T  ( Y  = 0 . 0 )  

A 
J 

0 . 3 1 7 5  cm RADIUS 

VIEW A-A 

RUN 1 6 1  
GAP WIDTH = U.127 CM 
Cp CORRECTED 
M = 10 
R !PI - 3.3 x 'a0 6 
e 

- - -D- - -CONDUCTION CORRECTED 
A 
v UNCORRECTED 

EDGE RAD!US 
Z 

EDGE RADIUS 
TOP OF T I L E  A- 

X - DISTANCE FROM CENTER OF T ILE  (CH) 
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Concurrently with the above analysis, a calculation package was added to the 

data reading program used to input test results to the Data Bank. The package 

arranges data from edjacent instrumentation so that the second derivatives in both 

(x) and (y) directions can be computed. The correction on heat transfer coefficient 

is implzmented as follows: 

- kz 
hcorrected * h~~~~ 

STORAGE 
only- 

Thickness variations in the Thin Skin Tile - The expected variation in measured 
heat transfer coefficient due to tile skin thickness uncertainties is also shown in 

Figure 100. The thickness of the tile was measured by LaRC personnel and was found 

to be within + 5 percent of the nominal thickness of .0254 cm. The dashed lines 

represent the possible heat transfer coefficient variation around an estimated sui- 

face heating level due to a 5% uncertainty in tile thickness. By including both 

conductjon effects and tile skin thickness uncertainties, it is possible to conclude 

that uniform heating occurred on the surface for all locations but X = -7.21 cm and 

+7.40 cm. However, to do so one must bssume worst-on-worst conditions. 

In smmary, no definite conclusion has been drawn as to the cause of the 

measured heating drop off near the edge of the thin s k h  zile. It has been show, 

that the heating distribution is similar for buth the open and filled gap runs. 

This implies that the presence of gaps does not cause the drop off of measured 

heatin? near the edge of the tile. It also does not appear that conduction alone 

can explain the surface heating distrib~cion. It should be noted that the thermo- 

couples used in these tests wer5 not calibrated as installed, thus, the tempera- 

ture differences between thermocouples are not precisely known. Because of this, 

the conduction corrections that were calculated have an additional uncertainty. 
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It is suggested t h a t  the  f i l l e d  gap runs be neg lec ted  due t o  u n c e r t s i n t i e s  i n  the  

conduction cor rec t ion  c a l c u l a t i o n s  and the  measured temperatures.  I t  was a l s o  shown 

t h a t  t i l e  th ickness  u n c e r t a i n t i e s  do no t  a lone account f o r  the  su r face  hea t ing  

v a r i a t i o n .  I t  is poss ib le  by combining conduction e f f e c t s  snd th ickness  uncer ta in-  

t i e s ,  under the  n o s t  favorable  condi t ions ,  t o  conclude t h a t  uniform convective heat -  

i n g  was experienced by the  t i l e  su r face  except f o r  l o c a t i o n s  : = -7.21 cm and 

+ 7.40 cm. These l o c a t i o n s  appear t o  have an a d d i t i o n a l  hea t  s i n k  which has  no t  

been explained . 
4.3.5 Inves t iga t ion  of T i l e  and C a l i b r a t i o n  P l a t e  S p e c i f i c  Heat Di f fe rences  - 

Another c h a r a c t e r i s t i c  exh ib i t ed  by the  hea t ing  da ta  obta ined i n  t h e  CFHT t e s t s  was 

t h e  g r e a t e r  hea t ing  r a t e s  on t h e  t i l e  top s u r f a c e  than t h a t  measured on the f l a t  

c a l i b r a t i o n  p la te .  For both the  o r i g i n a l  and supplemental t e s t s ,  the  measured heat -  

i n g  r a t e  on the  top of t h e  t i l e  (away from t h e  edge) was c o n s i s t e n t l y  from 10% t o  

20" higher  than t h a t  measured on t h e  companion c a l i b r a t i o n  p l a t e .  I t  was determmed 

t h a t  the  s p e c i f i c  hea t  of t h e  t h i n  s k i n  t i l e  (Type 304 s t a i n l e s s  s t e e l )  used i n  d a t a  

r educ t ion  was approximately 20% higher  than t h a t  used i n  reducing the  c a l i b r a t i o n  

p l a t e  (Type 321 s t a i n l e s s  s t e e l )  d a t a .  

The c a l i b r a t i o n  p l a t e  was i a b r i c a t e d  from 0.0508 cm 321 s t a i n l e s s  s t e e l  and 

the  t h i n  s k i n  t i l e  was made from a  shee t  of 304 s t a i n l e s s  s t e e l  (0.0254 cm t h i c k ) .  

Nominal *values f o r  the  s p e c i f i c  hea t  of both m a t e r i a l s  were used i n  t h e  d a t a  re-  

duct ion (CP304=0.12 and Cp321=0.1019 ~ a l / ~ m O ~ ) .  To v e r i f y  the  cor rec tness  of  these  

values  the  s p e c i f i c  hea t  of a  coupon c u t  from the  two t e s t  b r t i c l e s  was measured. 

The s p e c i f i c  heat  was measured a: LaRC using the same equipment and technique on 

both specimens. Figure 102 conta ins  the  nea.-,urements and s p e c i f i c  hea t  r a t i o .  
0 

It  was necessary t o  e x t r a p o l a t e  down t o  300 K where tne  wind tunnel  t e s t s  were 

conducted. The measured s p e c i f i c  heat  values  used f o r  co r rec t ing  the  da ta  a r e  

' ~ 3 0 4  
~ 0 . 1 1 2  and Cp =0.1045 ~ a l / ~ m ~ t .  This reduces the  HT/Hpp r a t i o  by 9%.  The 

32 1 
computer program has  been modified t o  automet ica l ly  c o r r e c t  the  CFHT d a t a .  

Figure 103 khows g raph ica i ly  the  e f f e c t s  of t h e  s p e c i f i c  hea t  co r rec t ion  on 

t i l e  hea t ing .  The c x r e c t i o n  was made on Runs 161 and 165 which a r e  f o r  tt.e s t ag -  

gered t i l e  conf igura t i cn  and gap widths o f  0.13 and 0.23 cm. A s  seen i n  the f i g u r e ,  

use of the  Cp c o r r e c t i o n  reduces the  hea t ing  on top of t h e  t i l e  t o  l e s s  :ha11 t h a t  

measured f o r  the  f l a t  c a i i b r a t i o n  p l a t e .  Subsequently, a l l  t e s t  da ta  have been 

c o r r e c t e d ,  

148 
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S P E C I F I C  H E A T  M E A S U R E D  O N  T H I N  S K I N  M A T E R I A L S  
U S E D  I N  L a R C  C F H T  T E S T S  

+ 
5 .13 
I- 

Y 
" 0  .12 e: 5 

nu\ 
U V d  

.ll P O  
(n- 

300 340 3 80 420 460 

TEMPERATURE ('K) 

- 

SPEC I FI c HEAT (CALIGMOKI - 
T I L E  FLAT PLATE 

3211 0.11808 0.10859 
0.12368 0.11411 
0.12948 0.11678 
0.13131 0.11602 
0.12797 0.11621 
0.1 2922 0.11761 
0.13147 1 0.12295 
0.1 3053 0.12556 

REFERENCE: D. A. THROCKMORTON NASA LaRC 8-21 -74 

Figure 102 
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4.4 Analysis  of Edge Radius T e s t s  a t  NASA JSC - ka lyses  were performed on 

d a t a  obta ined from gap hea t ing  t e s t s  on t h i n  s k i n  t i les  wi th  va r ious  edge r a d i i .  

The t e s t s  were conducted by C. D. S c o t t  of NASA, Johnson Space Center i n  the  JSC 

10 MU Arc Tunnel. Xajor purposes of the  t e s t s  were t o  i n v e s t i g a t e  the  e f f e c t  of 

t i l e  edge r a d i i  on gap hea t ing  and t o  compare t h i n  s k i n  t i l e  and RSI t i l e  hea t ing  

d i s t r i b u t i o n s  obtained i n  t h e  same tunnel .  The t e s t  cond i t ions ,  model d e s c r i p t i o n ,  

and d a t a  a s s i m i l a t e d  a r e  d iscussed i n  Sect ion 3.4 and Volume I1 of t h i s  r e p o r t .  

The test employed s e t s  of t h i n  s k i n  m e t a l l i c  tiles mounted i n  a  wedge t e s t  

f i x t u r e  i n c l i n e d  a t  15' angle-of-attack. The t e s t  a r t i c l e  was i n s e r t e d  a l t e r n a t e l y  

wi th  a  c h l i b r a t i o n  panel  i n t o  the  flow f i e l d  produced by the  20 inch diameter 

con ica l  nozzle.  Four edge r a d i i  (0.157, 0.3175, 0.635, and 1.27 cm) were paramet- 

r i c a l l y  t e s t e d  a t  gap widths  of 0.127, 0.254, and 0.381 cm. The j o i n t  conf igurat ion 

was an in - l ine  b u t t ,  and the  t i l e  th ickness  was 4.1275 cm f o r  a l l  t e s t s .  

In the  following s e c t i o n s ,  r e s u l t s  from these  t e s t s  a r e  r epor ted  and compared 

with gap hea t ing  d i s t r i b u t i o n s  obta ined i n  the  same tunnel  using RSI t i l e s .  

4.4.1 Analysis  and Comparison - Twelve t e s t s  were conducted on the  t h i n  s k i n  . . 
t i l e s  wi th  four  edge r a d i i  and th ree  gap widths.  Heating d i s t r i b u t i o n s  f o r  the  

minimum edge rad ius  t i l e s  a r e  compared wi th  da ta  from RSI t i l e s  i n  Figures 104 t h r u  

107. The RS1 t i l e  hea t ing  d i s t r i b u t i o n s  were computed from t e s t  da ta  taken i n  the  

JSC 10 MW channel nozzle  a s  repor ted  i n  Reference 1 . Figures 104 and 105 pre- 

s e n t  t r ansverse  gap data  f o r  gap widths of 0.381 and 0.254 cm respec t ive ly .  

D i s t r i b u t i o n s  a r e  shown f o r  the  RSI t i l e  th icknesses  of 3.18 cm and 5.08 cm. The 

t h i n  s k i n  t i l e  d a t a  a r e  normalized by both f l a t  p l a t e  and su r face  hea t ing  r a t e s .  

The f l a t  p l a t e  hea t ing  r a t e  was measured on the  c a l i b r a t i o n  p l a t e ,  while the  s u r f a c e  

hea t ing  r a t e  was measured on the  t h i n  s k i n  t i l e  su r face  forward of the  t r ansverse  

gap. For both gap widths,  the  hea t ing  r a t e s  measured on the t h i n  s k i n  t i l e  a r e  

shown t o  be  higher  than those  der ived from RSI t i l e  da ta .  

Figures 106 and 107 compare i n - l i n e  gap hea t ing  da ta  from t h i n  sk in  and RSI 

t i l e  t e s t s  f o r  gap widths of 0.381 cm and 0.254 cm. The t h i n  sk in  t i l e  da ta  a r e  

s i g n i f i c a n t l y  n lgner  tnan the  bSI tiie aaca  for the i n - i i n e  case. 

A comparison of  the  hea t ing  t o  the  upstream and downstream w a l l s  of a  t r ans -  

ve r se  gap a r e  shown i n  Figure 108. These d a t a  a r e  from the  t h i n  s k i n  t i l e  a r r a y  

having a  corner  r ad ius  of 0.318 cm and inc ludes  t h r e e  gap widths (0.127, 0.254, 

and 0.381 cm). The hec t ing  on the  downstream s i d e  of the gap is h igher  than t h a t  

15'1 
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a GAP WIDTH = . 2 5 4  cm 
a DOWNSTREAM S I D E  OF GAP 
a JSC 10 MW ARC TUNNEL 
a CORNER RADIUS = 0.157 cm 
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1 f o r  the  upstrea,n s i d e  wi thin  0.7!i cm of the  su r face .  Below t h i s  po in t  the  hea t ing  
! 
. i appears similar. The e f f e c t  of width on gap hea t ing  is  g r e a t e r  f o r  the  down- 

stream s i d e  of the  gap. Inc reas ing  gap width r e s u l t s  i n  increased h e a t h , &  t o  the  

downstream wal l .  The e f f e c t  of gap width on upstream w a l l  hea t ing  appears t o  depend 

upon t h e  d i s t a n c e  i n t o  the  gap. Near t h e  su r face  and deep i n  the  gap the re  is 

l i t t l e  a f f e c t  of gap width. A t  Z - 0.39 and 0.55 cm t h e  hea t ing  inc reases  a s  the  

gap width v a r i e s  from 0.127 cm t o  0.254 cm. Further  inc reases  i n  gap width do 

not  s i g n i f i c a n t l y  inc rease  gap hea t ing  a t  these  loca t ions .  

4.4.2 E f f e c t  of Edge Radius on Heating t o  Top Surface of the  T i l e  - The four  

t i l e  s e t s  t e s t e d  by C. D. S c o t t  i n  the  10 MW Arc Tunnel were instrumented on the  

top su r face  near  the  gap a s  w e l l  a s  i n  t h e  gap. Data from t h e  top of the  t i l e  near  

the  t r ansverse  gap were examined i n  Figure 109 t o  determine the  in f luence  of the 

gap on su r face  heat ing.  For the  upst  ream s i d e ,  a l l  t h e  t e s t s  except one (Edge 

Radius = 0.635 cm a t  a gap width of 0 ,127  cm) e x h i b i t e d  the  same hea t ing  independent 

of the  edge rad ius  o r  gap width. This; was as expected because the  flois was 

supersonic  and the  inf luence of a d is turbance should not  be f e l t  upstream. 

Most of the  t e s t s  showed an inc rease  i n  hea t ing  ac ross  t h e  gap. Heating on 

the downstream s i d e  of the  gap showed a s  much a s  a 68% inc rease  over the  upstream 

data .  However, not  a11 the  d a t a  showed such a s  increase .  The d a t a  f o r  the  s h a r p e s t  

t i l e  a t  t h e  narrow gap a c t u a l l y  show a s l i g h t  decrease  on the  downstream gap s i d e .  

This could be da ta  s c a t t e r .  

Examination of the downstream da ta  shows no e f f e c t  of edge rad ius  on heat ing.  

There i s  however, an e f f e c t  of gap width, wi th  t h e  in termedia te  gap being h ighes t  

a t  the tangency po in t .  
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4.5 Ana lys i s  of  S i n g l e  In-Li-ne Gap T e s t s  a t  Amea 3.5 Foot !I.W.T. - Data ob- 

t a i n e d  from s i n g l e  i n - l i n e  gap h e a t i n g  tests conducted i n  t h e  Ames 3.5 Foot Hyper- 

v e l o c i t y  Wind Tunnel (H.W.T.) were analyzed t o  a s s e s s  t h e  e f f e c t s  o f  t i l e  o r i e n t a -  

t i o n  £07 s e v e r a l  gap width  s e t t i n g e .  Addit ional l-y,  t h e  h e a t i n g  p a t t e r n s  f o r  f i l l e d  

and u n f i l l e d  gaps were examined inc lud ing  t h e  e f f e c c s  of  c o r r e c t i n g  For thermal  

conduction.  Flow c o n d i t i o n s  were v a r i e d  t o  o b t a i n  d a t a  i n  t h e  p r e s e x e  of l a m i n ~ r ,  

t r a n s i t i o n a l  and t u r b u l e n t  boundary l a y e r s .  

l h e  t e s t  program used a  t h i n  s k i n  madel i n s e r t e d  i n t o  a  c a r r i e r  p l a t e  (See 

Figure  14 1. J o i n t  c o n f i g u r a t i o n  was a s i n g l e ,  i n - l i n e  ga? which was t e s t e d  a t  

fou r  flow o r i e n t a t i o n s ,  t h r e e  gap wid ths ,  f o u r  gap dep ths ,  and two gap l eng ths .  

Some 93 t e s t s  were conducted. The test cond i t ions ,  model d e s c r i p t i o n ,  and d a t a  

a s s i m i l a t e d  a r e  d i scussed  i n  Sec t ion  3.5 and Volume I1 of t h i s  r e p o r t .  A complete 

l i s t i n g  of t h e  runs is given  i n  F igure  i 5  . 
The ana lyses  inc luded  e v a l u a t i o n  o f :  

a )  Heating p a t t e r n s  f o r  f i l l e d  and u n f i l l e d  gaps 

b) Cor rec t ing  f o r  conduction e f f e c t s  i n  t h i n  s k i n  t i l e s  

c )  Gap h e a t i n g  d i s t r i b u t i o n s  i c c i d i n g  e f f e c t s  o f  Reynolds number and gap 

width  

d) D i f f e r e n t  r e f e r e n c e s  i o r  n o r m a l i z a t i m  of d a t a  

e )  Flow o r i e n t a t i o n  e f f e c t s  on i n - l i n e  gap h e a t i n g  

4.5.1 Heating P a t t e r n s  i n  F i l l e d  In-Line G,I= - I n i t i a l  a n a l y s i s  of the  in -  

l i n e  gap h e a t i n g  t e s t s  c o i ~ s i s t e d  of examining t h e  d a t a  taken whec the  gap was f i l l e d  

wi th  d e n t a l  p l a s t e r .  The t e s t  panel  c o n f i g u r a t i o n  and coord ina t e  system is shown 
6 

.<rr Figure  14 . T e s t s  were run a t  u n i t  Reynolds number per  meter of 1 . 5 7  x  10 , 
6 6 

3.32 x  10 and 6.58 x 10 . Ins t rumen ta t ion  was s u f f i c i e n t  t o  d e f i n e  a x i a l  and 

l a t e r a l  t reat ing d i s t r i b u t i o n s .  

The h e a t i n g  d i s t r i b u t i o n  i n  t h e  a x i a l  d i r e c t i o n  (X) ad jacen t  t o  a  F i l l e d  0.127 cm 

gap is  shown i n  Figure  110 f o r  t h e  t h r e e  Reynolds numbers i n v e s t i g a t e d .  The d a t a  were 

measured a t  a  l a t e r a l  p o s i t i o n  ( Y )  o i  -0.51 cm. The f i g u r e  shovs t h e  i n f l u e n c ~  of  

boundarv l a y e r  t r a n s i t i o n  on h e a t i n g  a t  t h e  h ighe r  two Reynolds numbers. The i n c r e a s e  

i n  h e a t  t r a n s f e r  c o e f f i c i e n t  is  very  s i g n i f i c a n t  a t  t h e  h i g h e s t  Reynolds number. 

The h e a t i n g  d i s t r i b u t i o n  i n  t h e  l a t e r a l  d i r e c t i o n  (Y )  i s  shown i n  F i g u r e s  111, 
6 

112 and 113 f o r  u n i t  Reynolds numbers p e r  meter  ilf 1.57 x 1.0 , 3.32 x lo6 ,  and 6.58 x 
6 10 r e s p e c t i v e l y .  I n  each f i g u r e ,  l a t e r a l  d i s t l i b u t i o n s  a r e  g iven  f o r  f i v e  s p e c i f i c  

a x i a l  d i s t a n c e s .  Again, t h e  0.127 cm gap has  been f i l l e d  wi th  d e n t a l  p l a s t e r .  I t  
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should  be  noted  t h a t  F igu res  111 t h r u  113  are n o t  c o n s i s t e n t  w i t h  t h e  a x i a l  d i s -  

t r i b u t i o n  of F igu re  110 i n  t h a t  d i f f e r e n t  i n s t r u m e n t a t i o n  was employed t o  o b t a i n  

t h e  l a t e r a l  d i s t r i b u t i o n s .  However, t h e  d a t a  p re sen ted  i n  F igu re  111 f o r  t h e  

lowest  Reynolds number and a t  Y = +0.51 cm do a g r e e  f a i r l y  w e l l  w i t h  h e a t i n g  mea- 

s u r e d  ( F i g u r e  110) on t h e  o t h e r  s i d e  of  t h e  f i l l e d  gap. For a l l  t h r e e  Keynolds 

numbers, t h e  l a t e r a l  h e a t i n g  d i s t r i b u t i o n s  appear  t o  dec rease  s i g n i f i c a n t i y  n e a r  

t h e  gap ,  sugges t ing  a  h e a t  s i n k  produced by t h e  d e n t a l  p l a s t e r  f i l l i n g  t h e  gap. 
2 2 Both f i n i t e  element  ax~a lyses  and t r a n s i e n t  conduct ion  e f f e c t s  (a T/aY ) ware eva l -  

ua t ed  t o  e x p l a i n  t h i s  d i sc repancy ,  b u t  n e i t h e r  could  adequa te ly  account  f o r  t h e  

low heat.ing measured nea r  t h e  gap. F i n a l l y ,  F i g u r e s  112 and 113 f o r  t h e  two h i g h e r  

Reynolds numbers show streamwise h e a t i n g  d i s t r i b u t i o n s  i n d i c a t i v e  of boundary l a y e r  

t r a n s i t i o n .  

4.5.2 Conduction E f f e c t s  i n  Thin Skin  T i l e  - The p rev ious  s e c t i o n  has  shown 

t h a t  t h e  neasured  s u r f a c e  h e a t  t r a n s f e r  c o e f f i c i e n t s  d e c r e a s e  i n  t h e  l a t e r a l  d i r e c -  

t i o n  (Y) nea r  t h e  i n - l i n e  gap when t h e  gap i s  f i l l e d  w i t h  d e n t a l  p l a s t e r .  Addi- 

t i o n a l  a n a l y s i s  was performed t o  e v a l u a t e  conduct ion  i n  t h e  test a r t i c l e .  The d a t a  

r e d u c t i o n  method cus tomar i ly  used i n  t h i n  s k i n  model t e s t i n g  c o n s i d e r s  only  t h e  

tempera ture  rise r a t e s  and t h e  l o c a l  h e a t  s t o r a g e  c h a r a c t e r i s t i c s  of t h e  t h i n  s k i n  

m a t e r i a l .  Thus t h e  thermocouple/recording system is  no t  g e n e r a l l y  c a l i b r a t e d  a g a i n s t  

known tempera tures .  I t  was assumed t h a t  t h i s  was t r u e  f o r  t h i s  test and t h a t  eva l -  

u a t i n g  conduction e f f e c t s  u s ing  second d e r i v a t i v e s  of measured tempera ture  a t  t h e  

time o f  i n s e r t i o n  would be f u t i l e .  Consequently,  ; a s  decided t o  c a l c u l a t e  con- 

s e r v a t i v e  conduction e f f e c t s  by us ing  tempera tures  one second a f t e r  model in-  

s e r t i o n  i n t o  the  tunne l .  These tempera tures  were c a l c u l a t e d  assuming isof.herma1 

c o n d i t i o n s  a t  t h e  time of i n s e r t i o n  and de termining  t h e  tempera ture  r t s e  r a t e  from 

t h e  measured h e a t i n g  r a t e s .  These tempera tures  were then  used t o  determine t h e  
2 2 second d e r i v a t i v e  ( 2  T / ~ Y  ) w i t h  r e s p e c t  t o  d i s t a n c e  and then the  t r a n s i e n t  con- 

duc t ion  e f f e c t s .  

F igu res  1 1 4 ,  115 and 116 p r e s e n t  t h e  measured and conduction c o r r e c t e d  h e a t  
6  6  

t r a n s f e r  c o e f f i c i e n t s  f o r  Reynolds number p e r  meter  of  1 .57  x  10 , 3.32 x  10 , and 

6.58 x l o 6 ,  r e s p e c t i v e l y .  I n  g e n e r a l ,  t he  conduct i on  c o r r e c t e d  eoef  f i c i e n t s  a r e  

n o t  s i g n i f i c a n t l y  d i f f e r e n t  from t h e  measured c o e f f i c i e n t s .  I n  a d d i t i o n ,  t h e  
i 

1 
I conduct ion  c o r r e c t e d  h e a t i n g  d i s t r i b u t i o n s  a l s o  e x h i b i t  t h e  drop o f f  n e a r  t h e  
i 
1 f i l l e d  gap. I t  was concluded t h a ~  conduction a l o n e  would n o t  e x p l a i n  t h e  l a t e r a l  

h e a t i n g  d i s t r i b u t i o n  n e a r  t h e  f i l l e d  gap edge. 
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8 
i 4 .5 .3  Sur face  and Gap Heat ing  D i s t r t b u t i o n s  - Sur face  and gap h e a t i n g  d i s -  

t r i b u t i o n s  i n  t h e  d i r e c t i o n  s f  f low were examined for  t h e  h e s  i n - l i n e  gap tests. 

Both Reynolds number and gap width  e f f e c t s  on h e a t i n g  d i s t r i b u t i o n s  were eva lua t ed .  

The in s t rumen ta t ion  f o r  t h e  runs ana lyzed  c o n s i s t e d  of  one row of thermocouples 

a long  t h e  s u r f a c e  of Y = -0.51 cm and two rows n e a r  t h e  top  of  t h e  gap a t  Z = 0.25 

cm and 0 . 5 1  cm. See F igu re  14 f o r  t h e  coord ina t e  system d e f i n i t i o n .  

The measured h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  a  gap width  o f  0.127 cm and ReJm 
6 6  6 

of 1.624 x  10 , 3.270 x 10  , and 6.359 x  ,i) a r e  given i n  F igu res  117, 1 1 8 ,  and 

119 r e s p e c t i v e l y .  The s u r f a c e  h e a t i n g  d a t a  (210.0) i n d i c a t e s  t h a t  t h e  boundary 

l a y e r  i s  e i t h e r  laminar ,  t r a n s i t i o n a l ,  o r  t u r b u l e n t  depending on t h e  d i s t a n c e  from 

t h e  l e a d i n g  edge and Reynolds number. Su r face  h e a t i n g  dec reases  w i t h  d i s t a n c e  up 

t o  90 cm from t h e  l ead ing  edge f o r  t h e  low Realm c a s e  (Figure  117) and then  g r a d u a l l y  

i n c r e a s e s  w i t h  d i s t a n c e ,  i n d i c a t i v e  o f  t r a n s i t i o n a l  flow. The h e a t i n g  i n  t h e  gap 

a t  2=0.25 cm shows a  s i m i l a r  t r e n d  w i t h  d i s t a n c e  sugges t ing  t h a t  gap h e a t i n g  i s  

in f luenced  by s u r f a c e  heac ing  nea r  t h e  gap.  The h e a t i n g  a t  2 ~ 0 . 5 1  cm i n t o  t h e  gap 
6  was too  low t o  de termine  a  t r e n d  w i t h  d i s t a n c e .  The ~ e - / m  = 3.27 x 10 d a t a  (Fig-  

u r e  118) show s u r f a c e  boundary l a y e r  t r n a s i t i o n  s t a r t i n g  a t  X=75 crn and ending  a t  

approximately X=125 cm. Again t h e  gap h e a t i n g  is  s i g n i f i c a n t l y  a f f e c t e d  by t h e  
6  

changing s u r f a c e  environment.  The h e a t i n g  d a t a  f o r  ~ e - / m  = 6.359 x  10 (F igu re  

119 ) shows a  s h o r t  laminar zone w i t h  t r a n s i t i o n  5 t a r t i n g  a t  X=50 cm and ending  a t  

approximately X=90 cm. The h e a t i n g  i n  t h e  gap nea r  t h e  beginning  of t !~e gap is  in-  

c r e a s i n g  r a p i d l y  w i t h  d i s t a n c e .  Th i s  s u g g e s t s  t h a t  t h e  flow h a s  no t  comple te ly  

f i l l e d  che gap. The h e a t i n g  a t  2=0.25 cm i s  approximately equal  t o  t h e  s u r f a c e  . , 

h e a t i n g  du r ing  t h e  t r a n s i t i o n  zone. The gap h e a t i n g  a t  b0t.h 210.25 cm and 0 . 5 1  cm 
. , 

fo l lows t h e  sr!?face h e a t i n g  t r e n d  f o r  t h e  t u r b u l e n t  s u r f a c e  h e a t i n g  zone. F igu res  

117 t h r u  119 i l - u s t r a t e  t h e  f a c t  t h a t  gap h e a t i n g  is  a  s t r o n g  func t ion  of t h e  su r -  

f a c e  h e a t i n g  a t  t h e  edge of t h e  gap. The t r e n d s  observed i n  t h e  s u r f a c e  h e a t i n g  
. . 

d i s t r i b u t i o n s  a r e  s een  i n  t h e  gap a l s o .  
6 

The h e a t i n g  d i s t r i b u t i o n s  f o ~  a  wider  gap (0.254 cm) an6 Rem/m = 3.138 x  10 . . 

a r e  shown i n  Figure  120 . The s u r f a c e  h e a t i n g  d a t a  (2-0.0) i n d i c a t e s  t r a n s i t i o n  i . 
i 

s t a r t i n g  a t  60 c m  from t h e  l e a d i n g  edge and ending  a t  X-120 em. T r a n s i t i o n  occurred  

f a r t h e r  fcrward f o r  the  0.254 cm gap than f o r  t h e  0.127 cm gap a t  t h e  same Reynolds 

number as seen  by comparing F igu res  120 and 118. Th i s  i n d i c a t e s  t h a t  t h e  presence  

of  t h e  giip i n f l u e n c e s  t h e  s u r f a c e  h e a t i n g  d i s t r i b u t i o n .  The h e a t i n g  i n  t h e  gap 
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shows a uharp inc rease  and then decrease  wi th  d i s t ance  when t h e  su r face  boundary 

l a y e r  is "aminat. A s  soon a s  t r a n s i t i o n  s t a r t s  t h e  gap hea t ing  fcl lows tho sur-  

f ace  hea t ing  t rend.  

4.5.4 &rmalization of Heating Rates - The previour; gap ' a t i n g  d a t a  from 

the  Ames 3.5 F ~ o t  B.W.T. has been r a t i o e d  t o  measured su r face  hea t ing  on a  smooth 

f l a t  p l a t e .  However, the  d a t a  presented i n  Figures i17  t h r u  120 i n d i c a t e s  t h a t  

(1) the  presknce of  gaps in f luences  the  su r face  hea t ing  near  the  gap and, ( 2 )  the 

hea t ing  i n  the  gap is a  s t r o n g  funct ion of the  s u r f a c e  hea t ing  near  the gap. This 

suggests  t h a t  the  gap d a t a  would c o r r e l a t e  b e t t e r  i f  r a t i o e d  t o  the measured sur-  

f ace  hea t ing  f o r  the  run than i f  r a t i o e d  t o  the smooth f l a t  p l a t e  hea t ing  r a t e s .  

Figure 121 present: ;2; hea t ing  da ta  f o r  a  gap width of 0.127 cm and Rem/m 
6 

of 3.27 x 10 ( R i m  7) ra t ic*:  . t.2 both f l a t  p l a t e  and measured su r face  (Z-0.0) 

hea t ing  r a t e s .  The r a t i o s  a r e  s:a.llar up t o  X-80 cm. The clqta r a i i o e d  t o  the  

su r face  hea t ing  forms a  ?tie which is lower than when i t  is  r a t i o e d  t o  the  f l a t  

p l i r t ~  hea t ing  between X-60 cn i.1136 13L cm. This i s  due t o  e a r l i e r  t r a n s i t i o n  on the  

.?ir..Gi than on the  smooth f l r t  p l a t e .  Figure 122 comphres the two gap hea t ing  
6 r3 t . i . - .  fo* gall width of 0.254 CUI and Rem/m = 3.138 i c  18 . Agsin the -IWC ra:ios 

near t h .  q,.; ( , 1 -m) , 

' , 'cro~i. Leinq c l e  pa; hea t ing  da ta  t o  the  l c c a l  s u r f a c e  hea t ing  r e s u l t s  i n  a  

mJ., : r t .~.~orrr .    at,^ 3s a f m ~ t i c n  cf  d i s t a n c e  where t.hc - .x te r r~n l  boundary l a y e r  is  

t r a ~ s i i : ' . o n ~ l  clr : .lr1:ulent. Because of t h i s ,  i t  is concluded t h a t  n ~ r m a l i z i n g  the 

gap heb~!ag ~ ; L I  r.  he measured su r face  hea t ing  near  t5e gan is the  p r e f e r r e d  form 

f o r  c o r r e l a t i o n  purposes. 

4.5.5 Flow Or ien ta t ion  E f f e c t s  on 11;-Line Gap Heat in1 - Heating da ta  obta ined 

on the Ames long in - l ine  (cr a x i a l )  gap were segregated according t o  laminar,  toan- 

s i t i o n a l  o r  t x b u l e n t  flow con4 i t ions  t o  develop c o r r e l a t i o n s  f o r  an i n - l i n e  gap 

acd an in- l i r& yap a t  srn~ll incidence angles  (y)  up t o  15 degrees.  A s  d iscussed 

above, the  presence 9f the i n - l i n e  gap promotes boundary l aye r  t r a n s i t i o n  from 

lamicar t o  a  t r a n s i t i o n a l  s t a t e  and f i n a l l y  t o  f u l l y  tu rbu len t  flow. Therefore ,  

r a t h e r  than us ing t h e  c a l i b r a t i o n  p l a t e  hea t ing  d i s t r i b u t i o n  t o  determine t r a n s i -  

t i o n ,  t h e  hea t ing  d i s t r i b u t i o n  along t h e  panel  measured by the  l i n e  of thermocouples 

a r  a d i s t a n c e  of 0.51 cm from t h e  gap was used. 

Analyses of t h e  gap hea t ing  d a t a  for lamir..ar boundary l a y e r  a r d  discussed 
I i n  the  following paragraphs.  Two s e t 8  of d a t a  were s e l e c t e d .  The d a t a  i n  the  

i f i r s t  se t  a l l  have a zero  flow incidence ang le  "Y" v h i l e  the  second s e t  con ta ins  

I t h e  v a r i a t i o n  i n  "y" up t o  15 degrees.  
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In-Line Gap Heating Laminar Flow, y = 0' - Heating measurements along the gap 
length were obtained at several depths into the gap for three variations in gap 

width, four variations in gap depth and three levels of Reynolds number. Data for 

laminar flow conditions and zero flow incidence are presented in Ffgures 123 thru 

125 . In Figure 123 , heating distributions into the gap are presented for a gap 
width of 0.127 cm and tile thickness of 2.032 and 3.81 cm. As shown in this figure 

the heating level appears to increase with Reynolds number and also with axial flow 

length. Increasing gap depth decreases the heating. Some of the data for the 

2.032 cm thick tile was replotted in Figure 124 on different types of graph paper 

to emphasize the non-linearity of the data. 

The effect of gap width on the surface and gap heating distributions is ex- 

amined in Figure 125 for a tile thickness of 2.032 cm. Reynolds number and axial 

location were essentially constant for each gap width investigated. As expected, 

the data indicate that heating increases as gap width is increased, and that heat- 

ing variation with gap width appears to be non-linear. 

In-Line Gap Heating Laminar Flow, 0 5 y 2 15' - The effect of flow orientation 
angle (y) on the heating distribution in the in-line gap is shown in Figure 126 

and 127 . Figure 126 applies to the low Reynolds number tests, a gap widtn of 

0.127 cm and a tile thickness of 2.632 cm. Curves are presented using both flat 

piate heating and surface heating as the nczmalization parameter. As seen, the 

heating d~stributions do show a dependency cn &lie flow angle. However, other 

tmnel conditions and parameters such as distance into the gap, gap width, and unit 

Reyn~lds number are larger and tend to overshadow this effect. For example, the 
0 

runs at y = 10 show a sharp increase in heating due to gap width especially at 

the high r Reynolds  umber tested, see Figure 127. Heating on .;he downstream side 

of the gap is almost two times that on the upstream side. It is concluded that 

the presence of the in-line gap at a alight incidence angle cause the boundary 

layer to be more turbulent similar to a boundary layer transition phenomenon. 
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4.6 Ana lys i s  of  LaRC 8 Foot HTST T e s t s  o f  Gap Hea t ing  Pane l  - Data from t h e  

LaRC 8  Foot HTST were ana lyzed  t o  determine t h e  e f f e c t s  of a  l a r g e  i l l )  f i e l d  of  

t i l e s  on h e a t i n g  p a t t e r n s  a t  c r i t i c a l  l o c a t i o n s  on t h e  t i l e  when s u b j e c t e d  t o  re- 

i a t i v e l y  t h i n  (0 .61  ( 6* 5 1 .43  cm) t u r b u l e n t  boundary l a y e r .  A sm,loth p l a t e  was 

p o s i t i o n e d  i n  t h e  test s l e d  i n  p l ace  o f  t h e  gap test pone1 t o  o b t a i n  c a l i b r a t i o n  

i h e a t i n g  d a t a  t o  de te rmine  the  degree  of flow non-uniformity and a s  a r e f e r e n c e  f o r  

t h e  gap h e a t i n g  d a t a .  The c a l i b r a t i o n  d a t a  (F igu re  128) showed a  minimal d e v i a t i o n  

on t h e  pane l  e s p e c i a l l y  i n  c e n t e r  25 c e n t i m e t e r s  where t h e  t h i n  s k i n  t i l e  was 

l o c a t e d .  The h e a t i n g  a c r o s s  t h e  t e s t  pane l  a t  v a r i o u s  X-s ta t ions  was e s s e n t i a l l y  

u l i fo rms  wi th  a  d a t a  ep read  around a  mean. The r e f e r e n c e  h e a t i n g  cu rves  used i n  

t he  d a t a  a n a l y s i s  a r e  snown i n  F igure  128 . Reference 3 c o n t a i n s  o i l  flow 

p a t t e r n s  and a d d i t i o n a l  h e a t i n g  measurements on t h e  t e s t  s l e d  which a l s o  i n d i c a t e s  

uniform flow. Flow fences  a t  t h e  s i d e s  o f  t h e  s l e d  were employed du r ing  t h e  gap 

pane l  t e s t s .  Heat ing  p a t t e r n s  were examined f o r  bo th  i n - l i n e  and s t a g g e r e d  t i l e  

p a t t e r n s  a t  t h r e e  gap wid ths .  Also t h e  i n c r e a s e  i n  gap h e a t i n g  caused by p r o t r u d i n g  

t i l e  were a s s e s s e d .  The pane l  was i!vstrumected very  h e a v i l y  a t  t h e  t o p  of t h e  gap 

s o  good d e f i n i t i o n  of h e a t i n g  on t h e  r ad iused  p o r t i o n  o f  t h e  t i l e  could  be measured. 

Tes t  c o n d i t i o n s ,  model \ !escript ion,  and d a t a  a s s i m i l a t e d  a r e  d i s cus sed  i n  S e c t i ~ n  

3.6 and Volume I1 of  t h i s  r e p o r t .  The c e n t r a l  t i l e  ( t h i n  s k i n  s t a i n l e s s  s t e e l )  was 

he ld  i n  t h e  same p o s i t i o n  f o r  a l l  t e s t s  s o  d i r e c t  comparisons could be made ss pane l  

c o n f i g u r a t i o n  was changed. 

4 .6 .1  S taggered  T i l e s  - One of t h e  most c r i t i c a l  gap h e a t i n g  l o c a t i o n s  is t h e  

T - s lo t  where an  i n - l i n e  gap t e r m i n a t e s  i n  a  t r a n s v e r s e  gap.  Indeed ,  h igh  h e a t i n g  

was exper ienced  ( s e e  F igu re  129! a t  t h e  s t a g n a t i o n  p o i n t .  

The r ad iused  p o r t i o n  of t h e  l e a d i n g  edge of tk,e t i l e  exper ienced  a  2.6 f o l d  

i n c r e a s e  i n  h e a t i n g .  I n s t r u m e n t a t i o n  on e i t h e r  s i d e  of t h e  r ad iused  zone subs t an -  

t i a t e  t h e  h igh  h e a t i n g .  Alone t h e  Y - 3.8 cm c u t ,  h e a t i n g  on t h e  forward p o r t i o n  of 

t h e  t i l e  was more uniform and n e a r  t h e  outboard  edge of t h e  t i l e  t h e  h e a t i n g  dropped 

below t h e  :sooth p l a t e  va lue .  T h i s  s u g g e s t s  t!.at t h e  boundary l a y e r  flow from t h e  

upstream t i l e  p r o t e c t e d  t h e  downstream t i l e .  I t  should  be po in t ed  o u t  t h a t  t h e  h e a t j n g  

on t h e  c e n t e r  of  t h e  t i l e  was uniform and n e a r l y  e q u i v a l e n t  t o  t k a t  ~ e a s u r e d  on t h e  

c a l i b r a t i o n  p l a t e .  Th i s  is i n  c o n t r a s t  t o  what was measured i n  t h e  CFHT t e s t  f a c i l i t y .  

On t h e  a f t  p o r t i o n  of  t h e  t i l e  t h e  h e a t i n g  p a t t e r n  r eve r sed .  Along t h e  t i l e  

I c e n t e r l i n e  t h e  h e a t i n g  d rops  o f f  ve ry  pronounsly w i t h  d i s t a n c e  u n t i l  a t  t h e  t r a i l -  
f 1 i ng  edge t h e  h e a t i n g  was ha lved .  A t  t h e  o u t e r  edge of  t h e  t i l e ,  t h e  h e a t i n g  re- 

mains n e a r l y  c o n s t a n t  excep t  f o r  t h e  t r a i l i n g  edge of t h e  t i l e  where h igh  h e a t i n g  
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VOLUME l 

H E A T I N G  . . O N  P A N E L  W I T H 0 U . T  , G A P S  ( L a R C  8 F O O T  H I G i l  
~ E M P E R A T U R E  S T R U C T U R E S  T U N N E L )  

TEST RUN 

1 

3 

4 

COMBUSTOR 
PREJURE ( N  /m2) ( D&) 

7.10x106 7.7 

6 . 5 5 ~ 1  o6 0 .0  

1 7 . 9 ~ 1 0 ~  0 .08  

NOTE 
o MEASUREMENTS 

MADE AT FIVE 
LATERAL STATIONS 
ACROSS PANEL 

- - - DATA SPREAD 
. -- iURVE USED AS 

REFERENCE FOR 
GAP TESTS 

RUN 1 

RUN 4 

RUN 3 

Figure 128 
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STAGGERED T ILES  
GAP WIDTH = 0 . 1 7 8  CM 
0 .254  CM EDGE RADIUS 

TEST 57 RUN 4 

-12 - 8 - 4  0 4 8  12 

X - DISTANCE FROM T I L E  CENTER (CM) 
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(hT/hFp % 1.3) was measured. This could be due to an enthalpy dump. Data measured 
by the same thermocouple for an in-line tile configuration did nct record high 

I' 

heating, hence the energy damp effect must be real for the staggered tile configura- 

tion. 

When the free stream unit Reynolds number was aoubled (Figure 130), the heating 

ratio level increased. Heating ratios increased by as mush as 30%. For all data 
analyzed the measured heating was ratioed to that measured on a smooth calibration. 

At the higher Reynolds number condition the edge experienced at heating ratio of 

2.9 and the energy damp z0r.e had a ratio of 1.67. These high heating ratios should 

be of concern when deoigning a TPS. 

In-line Gap - Gap heating distributions at two stations along :he in-line gap 

were examined (Figure 131) to determine the influence of distance along the gap and 

gap width. As can be noted from the data for the nzrrower gap (W = 0.102 cm), a 

significant heeting inc-ease was realized at the dobnstream station. 4s the gap 

width increased, heating at the upstream station increase and heating at the down- 

stream station decreased. Again these observations are characteristic of a com- 

plicated flow over the tiles m d  through the gap. 

Effect of Gap Wtdth on Heating at Critical Locations - kext the heating at 
various locations on the tile was examined for a staggered tile pattern (Figure 132) 

and for an in-line tile pattern (Figure 133). These analyses were performed for 

several gap widths. As can be seen in Figure 132 for the staggered tiles, the 

leading edge (TIC 1 and 91) experience signiftcant heating. 

Heating r:~tios as high as 3.2 are imposed on tiles w i ~ h  wide (0.3 cm) gaps. 

Nominal smooth plate heating experienced at the tile center for all gap widths and 

the heating at the trailing edge (T/C 65) remains a constant (hT/hFp 5 0.5) inde- 

pendent of gap width. The energy damp at TIC 17 decreased slightly for the wider 

gaps (hT/hFp decreased from 1.3 to 1.1). 

4.6.2 In-Line Tiles - The in-line tile pattern also produced interesting heat- 
ing pa:terns. As can be seen from Figure 133 the high heating location vas on the 

outboard region of the tiie just aft of leading edge rather -han on the leading edge 

3t the tile's centerline as was the case for the staggered tiles. The forward cor- 
2 
1 

ner (TIC 6) of the tile experienced heating ratios of approximateiy I 95 ,  ~1 i ! ~  only 
I 
I 

i a modest increase as the gap was opened. At TIC 66, which was on * tile's top 

near the leading edge, high heating we- measured with a stronger dependency on gap 

width (hT/hFF of 1.86 to 2.2). 
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= 4.82 x 10 6 

GAP WIDTH = 0.178 CM 
0.254 CM EDGE RADIUS 

TEST 57 RUN 7 

-12 -8 -4 0 4 8 12 

- DISTANCE FROM T I L E  CENTER (CM) 

Figure 130 
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INFLUENCE OF GAP W I D T H  ON E D G E  H E A T I N G  ALONG 
I N - L I N E  G A P ,  8 FOOT HTST TEST 

- - 

T I L E  TOP EDGE 

STAGGERED TILES 

0.254 cm EDGE RADIUS 
W = GAP WIDTH 

TEST 57 ,  RUNS 4,  9 AND 11 

T I L E  TOP EDGE 

-6 - 7 - 8 
STANCE FROM T I L E  CENTER 

T I L E  TOP EDGE 

-6 - 7 

Figure 131 
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I N F L U E N C E  O F  G A P  W I D T H  O N  H E A T I N G  O F  
S T A G G E R E D  T I L c S ,  8 F O O T  H T S T  

kern/, = 2 x 1C 6 

7.5" ANGLE OF ATTACK 

0.1 0.2 0.3 0.4 5 . 5  

U - GAP WIDTH (CM) 

TEST 57, 
RUNS 4 ,  9, 10 and 11 

Figure 132 
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Heating on t h e  leading edge of t h e  t i l e  a t  the  c e n t e r l i n e  (TIC 91) a l s o  in -  

creased wi th  gap width but  a t  a much lower l e v e l .  For t h e  smal ler  gap (0.177 cmj, 

TIC 91 recorded l e s s  than the  smooth p l a t e  heat ing,  bur showed a s t rong  s e n s i t i v i t y  

t o  gap width wi th  a 30% increase  i n  hea t ing  over t h e  smooth p l a t e  f o r  t h e  widest  gap 

(W = 0.4 cm) . Apparently t h i s  region of t h e  gap is s h e l t e r e d  f o r  narrow gsps but  

becomes subjected t o  t h e  onslaught of t h e  flow f o r  wide gaps. The c e n t e r  of t h e  t i l e  

rece ives ,  e s s e n t i a l l y ,  heat ing a s  i f  t h e r e  were no gaps. The hea t ing  drops o f f  

s i g n i f i c a n t l y  r e a r  t h e  t r a i l i n g  edge of t h e  t i l e  a s  was t h e  case  f o r  t h e  staggered 

t i l e .  This could be due t o  a l o c a l  thickening of t h e  boundary l a y e r  upstream of a 

t r ansverse  gap. From the  da ta  obta ined frorl these  t e s t s  i t  should be poss ib le  t o  

formulate a flow f i e l d  model t o  desc r ibe  the  hea t ing  on t h e  top sur face  of t h e  t i l e .  

Figure134 shows such a flow model. The l o c a t i o n  and s t r e n g t h s  of t h e  c r e s t s  would 

be dependent on gap width and t h e  a b i l i t y  of the  adjoining gaps t o  a l t e r  c r e s t  

s t r eng th .  O f  course Reynolds number, Mach number and o t h e r  flow f i e l d  para- 

meters would charac te r ize  t h e  nominal boundary l a y e r .  

4.6.3 Steps - Both in- l ine  and s taggered t i l e  p a t t e r n s  were t e s t e d  with t h e  

t i l e s  being f l u s h  and with t h e  c e n t r a l  t i l e  prot ruding 0.254 cm i n t o  t h e  flow. A s  

can be r e a d i l y  seen from Figure 135, heat ing on the  leading edge of t h e  t i l e  and t h e  

forward facing w a l l  experience very high heat ing.  This da ta  i n d i c a t e s  t h a t  i t  makes 

l i t t l e  d i f f e r e n c e  i f  the  t i l e s  a r e  in - l ine  o r  s taggered;  e s s e n t i a l l y  t h e  same high 

heat ing is experienced when the re  is a 0.254 s m  s t e p .  One exception i s  a t  t h e  c e n t e r  

of the  leading edge--the staggered t i l e  receives  only a 3.2 hez t ing  f a c t o r  while t h e  

i n - l i n e  t i l e  receives  a 3.45 f a c t o r .  It should be pointed out t h a t  the  severe  hea t ing  

has "washed" out a t  t h e  c e a t e r  of t h e  t i l e  where smooth p l a t e  hea t ing  occurs whi le  

the  t r a i l i n p  edge i s  r e l a t i v e l y  cool  (hT/hFp % 0.5) .  

4.6.4 3 e c i f i c  Heat and Conduction Correct ions  - The preceding analyses  were 

accomplished us ing da ta  a s  received or. t h e  da ta  tape from t h e  8 Foot HTST. Examina- 

t i o n  of the  temperature h i s t o r i e s  such a s  shown i n  3 igure  136, i n d i c a t e  t h a t  t h e r e  

were temperature g rad ien t s  ac ross  t h e  t h i n  s k i n  t i l e  a t  t h e  time hea t  t r a n s f e r  coef- 

f i c i e n t s  were o r i g i n a l l y  computed. The d a t a  reading program was modifird t o  account 

f o r  thermal conduction i n  two orthogonal d i r e c t i o n s .  I n  some ins tances  t h e  hea t ing  

r a t e s  chaugcd b j  a s  much a s  3.8%. Of course,  where t h e r e  was l i t t l e  o r  no ternpera- 

t u r e  gradferrt,  tite heat ing r a t e  remained unchanged. Figure 137 shows the  change i n  

a hea t ing  d i s t r m i t i o n  on t h e  t i l e  when consider ing thermal conduction. 
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F L O W  M O D E L  F O R  M U L T I - G A P  P A N E L  

LOCATION AND MAGNITUDE OF CQEST 
DEPENDENT ON (W, Y,  e tc )  

d b  Y = LATERIAL STATION 

Figure 134 
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S T E P S  C A U S E  S E V E R E  H E A T I N G  I N - L I N E  O R  
S T A G G E R E D  T I L E S ,  8 W O T  H T S T  

0.173 CM GAP 

Re,/, = 2 x 10 6 

7.5" ANGLE OF A'TACK 

H-STEP HEIGHT (CM) 

----- STAGGERED TILES 

IN-LINE TILES 

STAGGERED TILES 

IN-LINE TILES 

urn- - 

Figure 135 
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H E A T I N G  D I S T R I B U T I O N  O N  T I L E  IN 8 FOOT H T S T  
SHOW I N G  C O N D U C T 1  O N  EFFECTS 

Rum = 2 .067  x 1 0  6 STAGGERED TILES 
GAP WIDTH = 0 . 1 7 8  CM 
0 .254  CM EDGE RADIUS 

TEST 57 RUN 4 

rm -4 

- DISTANL FROM T ILE CENTER (CM) F i g u r e  137 
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S p e c i f i c  hea t  measurements on the  t h i n  s k i n  t i l e  m a t e r i a l  and t h e  c a l i b r a t i o n  

p l a t e  were performed a t  the  conclusion of t h e  t e s t  program. This information (Figure 

138: was furnished by I. Weinstein of LaRC s o  t h a t  t h e  d a t a  could be cor rec ted .  

The s p e c i f i c  hea t  of the  t h i n  s k i n  m a t e r i a l  was 5.6% h igher  than t h a t  of t h e  c a l i b r a -  

t i o n  p l a t e  a t  room cond i t ions  ( 3 0 0 ' ~ ) .  I n  t h e  o r i g i n a l  d a t a  r e d u c t i ~ n  t h e  same 

s p e c i f i c  hea t  was used f o r  both  m a t e r i a l s .  Hence t h e  hea t ing  r a t i o  (hT/hFp) was 5.6% 

low. The Data Bank was cor rec ted  f o r  both  h e a t  s t o r a g e  and thermal conduction e f f e c t s .  

4.6.5 Gap Heating D i s t r i b u t i o n s  - The s taggered and in - l ine  t i l e  p a t t e r n s  

produce s i g n i f i c a n t l y  d i f f e r e n t  hea t ing  d i s t r i b u t i o n s  71. the  downstream w a l l  of a  

giip. Figure 139 shows the  s e n s i t i v i t y  of gap hea t ing  t o  gap width and Reynolds 

number f o r  t h e  s taggered t i l e s .  

The po in t  analyzed i n  Figure 139 exper iences  "T-slot" f lowlheating.  From tho 

l i m i t e d  t e s t  data ,  i t  appears t h a t  the  hea t ing  i n  t h e  gap is p ropor t iona l  t o  

Reynolds number t o  a power g r e a t e r  than un i ty .  Also the  t e s t  d a t a  i n d i c a t e s  chat some 

r e l i e f  i n  hea t ing  occurs a s  t h e  gap is opened beyond 0.305 cm. The hea t ing  (Figure 

140) i n  the  t r ansverse  gap f o r  the  in - l ine  t i l e s  is much lower than f o r  the  s taggered 

t i l e s .  This i s  because the  upstream t i l e  s h e l t e r s  the  gap. Gap hea t ing  inc reases  

with gap width. 

This d a t a  shows even f o r  very small gaps t h a t  the  edge rad ius  experiences 

hea t ing  r a t i o s  1.5 o r  h igher .  The gap h e a t i n g  f o r  the  in - l ine  t i l e s  drops o f f  more 

rap id ly  than does the  measurements f o r  t h e  s taggered t i l e s .  The in - l ine  d a t a  

suggests  an exponent ia l  func t ion  of  (Z) t o  c o r r e l a t e  the  hea t ing .  
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4.7 Analysis  of RSI T i l e  (0.635 cm edge rad ius )  Tes t s  i n  the  AMES Arc Tunnel 

Turbulent  Duct - Temperature response d a t a  were c o l l e c t e d  on S i l i c a  RSI t i l r  

sub jec ted  t o  high enthalpy tu rbu len t  flow. The d e t a i l s  of the  t e a t  f a c i l i  and 

the  conf igura t ion  of the  t e s t  a r t i c l e  were descr ibed i n  Sect ion 3.7. The retat 

item temperatures were used t o  determine s e n s i t i v i t y  c f  t h e  hea t ing  r a t e s  t o  gap 

width and were inpu t  t o  an  inverse  h e a t  t r a n s f e r  model t o  f i n d  the  l o c a l  hea t  fl.rtx. 

Due t o  misrepor t ing of the  thermocouple l o c a t i o n s  t h e  o r i g i n a l  a t tempts  t o  

analyze the  d a t a  proved d i f f i c u l t .  However, radiographs of t h e  t e s t  panel  showing 

t h e  exac t  ins t rumenta t ion l o c a t i o n s  l e d  t o  more c o n s i s t e n t  da ta  analyses .  Figure 

25 shows t h e  o r i g i n a l  and cor rec ted  thermoccuple l o c a t i o n s .  F i g u r e 1 4 1 i s  a  copy 

of the x-ray of the  t i l e .  

Temperature h i s t o r i e s  of s e v e r a l  thermocouples a r e  presented i n  Figures 142, 14'1 

and 144 f o r  gap widths c f  0.0, 0.127, and 0.180 cm, respec t ive ly .  These d a t a  a r e  

from t e s t s  where T/C I1 was loca ted  i n  the  upstream pos i t ion .  The f i g u r e s  show 

t h e  upstream t i l e  (T/C 14,  6  and 7) running s l i g h t l y  h o t t e r  than the downstreaa t i l e  

(TIC #9, 11, and 12) .  Also, t h e r e  is  a  d i f f e r e n t  thermal response p a t t e r n  f o r  TIC 

14,  and 19. Severa l ,  t h e o r i e s  were advanced p e r t a i n i n g  t o  t h i s  inconsis tency,  e .  g. 

d i f fe rences  i n  l o c a l  thermal p r o p e r t i e s  o r  s u r f a c e  i r r e g u l a r i t i e s .  A mold of the  

t i l e  s u r f a c e  i n  the  region of the  gap showed t h a t  TIC 14 protruded through the  RSI 

causing a  bump on the  su r face .  Boundary l a y e r  d is turbances  caused by t h i s  rough- 

ness element could be t h e  cause of the  more rap id  hea t ing  a t  t h i s  l o c a t i o a .  

Figures 145 and 146 shows the  e f f e c t  of gap width on measu td temperat.ures a t  

200 seccnds i n  the  t e s t  f o r  the  two flow d i r e c t i o n s .  Thermocouples 4 ,  6  and 7 

i n d i c a t e  c o n s i s t a n t l y  h igher  temperatures than thermocouples 9 ,  11, and 12, 

whether they a r e  i n  the  upstream o r  downstream p o s i t i o n .  Examination o:i TIC #4 

and 9 i n  Figures 145 and 146 i n d i c a t e s  t h a t  TIC 49 gives  c o n s i s t a n t  trend:! i n  both the 

upstream and downstream p o s i t i o n ,  whi le  TIC #4 g ives  r a t h e r  unsystematic t e s u l t s .  

Therefore ,  i t  was decided t o  use TIC I 9 t o  de r ive  gap hea t ing  r a t e s  and t o  111.ame 

s u r f a r e  i r r e g u l a r i t y  f o r  the  T/c (14 e r r a n t r y .  The s h i f t  i n  l e v e l  is  due t o  the  

d i f f e r e n c e  i n  T / C  depth i n t o  the  s l o t  which was found from t h e  t i l e  x-rays. 

A thermal model of the  gap and i t s  edge rad ius  was se tup  t o  determine e f f e c t s  

of edge rad ius  on gap h e a t i n g  using thermal response d a t a  measured on the  HRSI t i l e s .  

The d e ~ a i l s  of  the  thermal model axe i l l u s t r a t e d  i n  Figr1rel47. The model uses h a l l -  

mark dimensions such ar V(2) to  d e f i n e  edge r a d i u r  from which node dinrensions a r c  ! 

computed. i 
i 
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This f a c i l i t a t e s  comparison of hea t ing  data .  This thermal model was used t o  

analyze t h e  test d a t a  obtained from t h e  AMES Turbulent Duct F a c i l i t y  and f o r  the  

computation LJ - TPS thermal response during en t ry .  

Figure 148 shows t h e  ca lcu la ted  hea t ing  d i s t r i b u t i o n s  f o r  t h e  downstream face  

of t h e  t r ansverse  gap f o r  four  gap widths.  The d a t a  shows a c o n s i s t e n t  inc rease  

i n  hea t ing  with gap depth. The h e a t  f l u x  p red ic t ions  along wi th  t h e  d a t a  were 

used i n  a s e n s i t i v i t y  s tudy t o  determine t h a t  t h e r e  was an e r r o r  i n  t h e  thermo- 

couple loca t ions ,  

Figure 149 i n d i c a t e s  t h e  s e n s i t i v i t y  of hea t ing  t o  gap depth and width. Also 

shown on t h i s  f i g u r e  is  t h e  e r r o r  caused by input ing erroneous ins t rumentat ion 

loca t ions  i n t o  the  d a t a  reduction analyses.  Figure 150 shows t h e  hea t ing  d i s t r i b u t i o n  

i n  the  gap f o r  four  gap widths,  c a l c u l a t e d  us ing t h e  cor rec ted  data.  Again, hea t ing  

decreases with depth and inc reases  wi th  width. 
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4.8 Boundary Layer Flow Condit ions - Boundary l a y e r  analyses  were performed t o  

c h a r a c t e r i z e  the  environments a t  t h e  va r ious  tunne l  t e s t  condi t ions .  Basic 

boundary l a y e r  parameters were computed f o r  use i n  c o r r e l a t i n g  the  hea t  t r a n s f e r  

r e s u l t s  from the  t e s t  f a c i l i t i e s .  These parameters w i l l  a i d  i n  e x t r a p o l a t i n g  the  

t e s t  r e s u l t s  t o  S h u t t l e  f l i g h t  condi t ions .  The b a s i c  boundary l a y e r  parameters 

determined f o r  the  va r ious  t e e  t cond i t ions  are :  

1 )  Type of boundary l a y e r  ( laminar,  t r a n s i t i o n a l ,  tu rbu len t )  

2) Local u n i t  Reynolds number (edge condi t ion)  

3) Local Mach number (edge condi t ion)  

4) Displacement th ickness  (6*) 

5)  Momentum thickness  ( 8 )  

6) Laminar sublayer  t h i c k m s s  f o r  tu rbu len t  boundary l a y e r s  (ds) 

7) Temperature r a t i o  ac ross  the  baundary l a y e r  

A summary of the  boundary l a y e r  analyses  t h a t  were performed i s  shown i n  Figure 

151. The d e t a i l s  of most of these  analyses  a r e  ccnta ined i n  Reference 1 . Data f o r  

the  LaRC 8 f o o t  HTST t e s t s  and t h e  Ames 20 MW Turbulent Duct t e s t s  a r e  contained 

here in .  

Figure 152 conta ins  the  displacement (6*) and momentum (8) th icknesses  along 

the  HTST panel  holder  and Figure153 conta ins  the  v e l o c i t y  p r o f i l e s  which wore , V  C 

t o  ob ta in  sublayer  th ickness .  The displacement th ickness  on the  t h i n  s k i n  t i l e  

ranged from 0.61 cm (0.24 inch)  t o  1.43 cm (0.56 inch)  and the  momentum thtckness  

ranged from 0.152 cm (0.060 inch)  t o  0.214 cm (0.084 inch) .  A nominal momentum 

thickness  (8 = 0.182 cm) was used i n  the  d a t a  bank f o r  a l l  t e s t s .  I t  was determined 

t h a t  the  displacement th ickness  and sublayer  th ickness  a t  the  c ~ n t e r  of the  t i l e  

could be expressed a s  a l i n e a r  funct ion of angle of a t t a c k  ( a )  and combustor 

pressure  (P) . 
Displacement th ickness ;  

6*(inch) = 0.32-O.Ol674(a-l5) -3. 5 j636x l0 -~(~-1000)  

Sublayer Thickness; 

where a is i n  degrees 

P is combustor preseure  (PSI) 
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These funct ionc were incorporated i n t o  t h e  Data Bank computations. It rhould be 

noted t h a t  theme equat ions  were developed t o  d e r c r i b e  6* and 8 f o r  a l iu i i ted  s e t  of 

opera t ing  condi t ione i n  a p a r t i c u l a r  t e a t  program and t h e r e f o r e  should not  be con- 

e idered ae  genera l  c o r r e l a t i o n 8  . 
D e t a i l s  of the  Ames Turbulent Duct boundary l a y e r  a r e  contained i n  Reference 

4 . P i t o t  p ressure  surveys had previously  shown t h e  to ta l .  boundary l a y e r  t h i c k i i r s ~  

t o  be  about 20 m f o r  a t o t a l  enthalpy of  3.7 MJ/kg and a s t a t i c  pressure  of  
3 2 3.5 x 10 N/m . Assuming t h a t  the  Crocco r e l a t i o n s h i p  i e  app l i cab le  the  momentum 

aild displacement th icknesses  a r e  about 2 mn and 5 m, respec t ive ly .  
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4.9 Comparison of Gap .Heating Data from Arc Tunnel and Wind Tunnel Tests - 
The comparisons performed during Phase : of the heating distributions obtained from 
arc tunnels and wind tunnels is still valid. These comparisons are contained herein 

and additional comparisons have been sade during Phase 11. Comparisons were per- 

formed for both transverse gaps and in-line gape. The gap heating data which have 

been assimilated come from b3th an arc tunnel and wind tunnels. Arc tunnels pro- 

vide high energy (temperature and enthalpy) flow to test articles while wind tunnels 

provide a considerably lower energy flow. The effect of this difference in flow 

energy on gap heating was investigated by comparing data from arc and wind tunnels. 

4.9.1 Transverse Gap Heating Comparisons - Figure 154 summarizes the gap heat- 
ing test environments and transverse gap geometry for which data have been assimilated. 

As can be noted, the wide variety in conditions makes direct comparisons difficult. 

The check marks denote the data which were selected for comparison. Two gap widths 

from the JSC 10 MW arc tunnel tests were compared with the wind tunnel data. These 

gap widths bouad the selected gap widths from the wind tunnels. The arc tumel. had 

the lowest freestream unit Reynolds number of any of the facilities. Therefore, the 

lowest Reynolds number data available from each wind tunnel facility were selected 

for comparison. n laminar boundary layer existed in some of the arc tunnels and 

in some of the wind tunnel tests. 

Gap heating data from each wind tunnel test were compared individually with 

data from the arc tunnel test in Figures 155 thru 162. A comparison of gap heating 

data from the Ames 3.5 Foot Hypersonic Wind Tunnel and the JSC 10 MW Arc Tunnel is 

s h c ~ n  in Figure 155. Both tests were conducted in a laminar boundary layer environ- 

ment with similar edge Mach numbers. Generally good agreement exists in the level 

of heating down the gap, although the shapes of the heating distributions are dif- 

ferent. Figure 156 presents the comparison of gap heating distributions for the 

arc tunnel and the "freestream" tests in the LaRC Variable Density Tunnel (MT). 

30th tests were run with a laminar boundary layer over the test article. The Mach 

number in the V.D.T. was 8.0 while the Mach number in the arc tunnel was 4.2. Also, 

the freestream unit Reynolds number is considerablv higher in the wind tunnel than 

in the arc tunnel. The wind tunnel data agree well with the arc tunnel data at a 

depth intn the gap of the 0.7 cm and below. The only data taken higher in the gap 

were taken at 0.5 cm and here the dimensionless heating was considerably higher 

than in the arc tunnel. Figure 157 presents the comparison of gap heating obtained 

using two different panel designs (a HCF panel and a thin skin tile set) tested in 

tne JSC 10 MW Arc Tunnel. The HCF panel was tested in the wall of a channel nozzle 
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S U M M A R Y  O F  G A P  H E A T I N G  T E S T  

E N V l  R O N M E N T S  A N D  G E O M E T R Y  

( T R A N S V t R S E  B U T T  J O I N T )  

TESTING FACILITY I----- GAPUIDTHS ( ;( Re-lm (B .L .  I STATE 
TEST ARTICLE 

FOSITION 
I I 

f 3.18 .074 d5.2 i . 0 6 ~ 1 0 ~  LAMINAR 
5.08 f.204 
6.35 4.333 

.714 

- 

JSC 10 MU ARC 
TUNNEL (TP2 1. 

CHANNEL 
NOZZLE WALL 

FREE STREAM AMES 3.5 FOOT 
WIND TUNNEL 

LANGLEY VARIABLE 
DENS1 TY WIND TUNNEL 

FREE STREAM 

I LANGLEY VARIABLE 
DENSITY WIND TUNNEL 

TUNNEL WALL J 2.54 . I 5 9  / 8 f'l . 1 6 ~ 1  o6 TURBULENT 
4.318 I 

41 .4x106 
I 

TUNNEL WALL LANGLEY CONTINUOUS FLOW 
HYPERSONIC WIND TUNNEL 

JSC 1 0  MW AaC TUNNEL 
WEDGE 

FREE STREAM 
(15O ANGLE OF 
ATTACK) 

LANGLEY 8 FOOT HIGH 
TEMPERATURE STRUCTURES 
TUNliEL 

FREE STREAM 
(00, 7.50, 150. 

9NGLE OF ATTACK) 

FREE STREAM AMES 20 MW 2 x 9  I l lCH 
TURBULEIiT FLOW DUCT 
FACILITY 

* TP2 - TEST POSITIOY NUMBER 2 

Figure 154 
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JSC 10 MW M = 4.2  Re /m=.06X10 6 
m 

A A AMES 3.5 FT. M = 5.1  Re /rn=1.6X10 6 
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ZT - A 
(I.- el.- 

VIEW B-B 

Figure 155 
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C O M P A R I S O N  OF T R A N S V E R S E  G A P  H E A T I N G  
( J S C  10 M W  A N D  V.D.T. -. FREE S T R E A M )  

JSC 10 MW M = 4 .2  Re /m=.06x106 
m 

A A 
M=8 V . D . T . ( FREE STREAM) Re /m=2.3~10' 

9) 

VIEW A-A ^\TITANIUM 

zT-  VIEW B-B 
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and t h e  t h i n  s k i n  t i l e s  were mounted i n  a  wedge t e s t  f i x t u r e  which was swung i n t o  

t h e  plume of a  f r e e  expanding jet. Flow over both  t e s t  a r t i c l e s  was laminar but  the  

Reynolds number and boundary l a y e r  th ickness  was much l e s s  f o r  t h e  wedge. Th i s  could 

be t h e  reason f o r  t h e  h igher  hea t ing  measured u s i n t  t h e  t h i n  s k i n  t i l e .  

Gap hea t ing  d a t a  were a l s o  taken i n  t h e  w a l l  of t h e  V.D.T. t o  expose t h e  t e s t  

a r t i c l e  t o  a  tu rbu len t  boundary l a y e r .  These d a t a  a r e  compared wi th  t h e  a r c  tunnel  

d a t a  i n  Figure  158 and a r e  considerably  higher  than t h e  laminar a r c  tunne l .  Figure 

159 compares t h e  a r c  tunnel  d a t a  and d a t a  taken i n  t h e  w a l l  of t h e  Mach 10 Continuous 

Flow Hypersonic Tunnel (CFHT). The boundary l a y e r  i n  t h e  CFHT tests was tu rbu len t  

and t h e  a a ~ a  f u i  t h e s e  t e s t s  a r e  aga in  h ~ g h o r  than t h e  a r c  tunnel  da ta .  

The 8 Foot HTST is  a  combustion <r iven  f a c i l i t y  and t h e  flow over t h e  t e s t  

panel  w a s  tu rbu len t  wi th  a  r e l a t i v e l y  t h i n  boundary l a y e r  (0.61 5 6* 2 1.43 cm). 

Figure  160 is  a  comparison betwaen HTST d a t a  and the  channel nozzle  d a t a  obtained 

a t  JSC. Again t h e  tu rbu len t  hca t ing  f o r  t h e  tu rbu len t  flow was h igher  but  a  cross-  

over occured between 0.5 and 0.75 crn i n t o  t h e  gap. The hea t ing  d i s t r i b u t i o n s  from 

t h e  HTST were a l s o  comparad (Figure  161) wi th  another tu rbu len t  t e s t  program per- 

formed i n  t h e  CFHT. Tk.e boundary l a y e r  i n  t h e  CFHT was much th icker  i? the HTST 

Lests .  The hea t ing  i n  t h e  CFHT was higher  a l s o .  

F i n a l l y  t h e  Lest r e s u l t s  f o r  t h e  l a r g e  edge radiused t i l e s  t e s t e d  i n  the  JSC 

10 MW Arc Tunr.el us ing t h e  wedge and t h e  Ames Turbulent  Ducr Arc Tunnel i s  compared 

i n  Figure 162. Both these  f a c i l i t i e s  a r e  Arc Tunnels and hence have high enthalpy 

contev:. The wedge model employed t h i n  s k i n  t i l e s  whereas the  duct  model used RSI 

t i l e s .  The wedge model had laminar flow and the  duct  produced t u r b u l e n t  flow. The 

t i l e  exposed t o  the  laminar flow exper ience  a  much higher  hea t ing  than t h e  one i n  

the  tu rbu len t  boundary l a y e r .  Apparently t h e  t rend t o  high gap hea t ing  i n  a  turbu- 

l e n t  flow i s  reversed when dea l ing  wi th  l a r g e  radiused t i l e s .  Addi t ional  t e s t  pro- 

grams need t o  be performed t o  s u b s t a n t i a t e  t h i s  t r end .  

4.9.2 In-Line Gap Heating Comparisons - Figure 163 ltsts the  d a t a  a ss imi la ted  

and used t o  compare hea t ing  measurements obtained ia tire a r c ,  wind and combustion dr iven 

f a c i l i t i e s .  The same c r i t e r i a  f o r  s e l e c t i n g  d a t a  employed i n  the  t r ansverse  gap 

a p p l i e s .  Three d i f f e r e n t  t e s t  proarams were conducted i n  the  JSC 10 MW Arc Tunnel. 

Fiqure 154 shows t h e  camparison between r e s u l t s  us ing two RSI -mate r i a l s  (HCF a  

m u l l i t e  RSI bnd Ames s i l i c a  RSI) and the  t h i n  s k i n  t i l e  t e s t e d  i n  t h e  wedge. The 

two r e s u l t s  from t h e  two RSI m a t e r i a l s  ag ree  very  we l l  whereas the  t h i n  s k i n  d a t a  

is  higher .  The RSI m a t e r i a l s  were t e s t e d  i n  the  same channel nozzle  whereas t h e  

t h i n  s k i n  t i l e  used a  wedge which had t h e  th inner  boundary l a y e r .  Figure 165 is  
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C O M P A R I S O N  OF TRANSVERSE 3 A P  H E A T I N G  
( J S C  10 MW AND CFHT) 

JSC 10 MY M = 4.2 Re cu / n = . 0 6 ~ 1 0 ~  CFHT M = 10 Re OD l w 3 . 2 8 ~ 1 0 ~  
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VIEW A-A \TITANIUM 
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C O M P A R I  S O N  O F  T R A N S V E R S E  G A P  H E A T 1  NG 
J S C  10 MW A N D  L a R C  8 F O O T  I i T S T  T 

( H C F  A N D  T H I N  S K I N  M O D E L )  

Figure 160 
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C O M P A R I S O N  O F  T R A N S V E R S E  G A P  H E A T I N G  G 
L a R C  C F H T  A N D  L a R C  8 F O O T  H T S T ,  T U R B U L E N T  FLOW 

( T H I N  S K I N  M O D E L S )  WTs7 

CFHT M = 10 Re_/m-3.28XlO 6 
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C O M P A R I  S O N  O F  T R A N S V E R S E  G A P  H E A T 1  N G  
J S C  10 MW A N D  A M E S  20  MW T U R B U L E N T  D U C T  

( 0 . 6 3 5  C M  E D G E  R A D I U S )  

. . . . 
. . 

RSI, 
, 

226 

MCOONNELL DOUGLAS ASTRONAUTICS COWPANV - E A S T  

F i g u r e  162 



j 
! 

:I GA; HEATING ANALYSIS - 11 
VOLUME I 

REPORT MDC.F.1248 
JSC 09651 

SUMMARY O F  GAP HEATING TEST 
ENV I RONMENTS AND GEOMETRY 

( I N - L I N E  BUTT JOINT)  

B.L. 
STATE 

LAMINAR JSC 10 MW ARC TMNEL CHANNEL 4 . 1 8  0.074 
NOZZLE WALL 5.08 fO.204 

6.35 10.333 
0.714 

AMES 5.5 FOCT WIND 
TUNNEL 

FREE STREAM 1 1 .016 40.254 LAM1 NAR 

T URBULENT LANGLEY CONTINUOUS FLOW 
HYPERSONIC WINO TUNNEL 

TUNNEL WALL i '635 

FREE STREAM 44.128 
(15" ANGLE OF 
ATTACK) 

JSC 10 MU ARC TUNNEL 
WEDGE 

LANGLEY 8 FOOT HIGH 
TEMPERATURE STRUCTURES 
TUNNEL 

T URBULENT FREE STREAM 46.35 0.0 
(0°, 7.5", IS0 
ANGLE OF 40.18 
ATTACK) I 

JSC 10 MW ARC TUNNEL CHANNEL ~ 3 . 7 -  
NOZZLE WALL 4.5 

LAM1 NAR 

LAHI NAR 
TRANSITIONA 
TURBULENT 

AMES 3.5 FOOT WIND 
TUNNEL 

FREE STREAM 0.0 
1 .o 

J2.O 
3.81 

Figure 163 
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C O M P A R I S O N  OF I N - L I N E  GAP H E A T I N G  

J S C  10 MW A R C  TUNNEL, L A M I N A R  F L O W  
( H C F ,  R S I  AND T H I N  S K I N  MODELS)  

1 I.' A Kp qj=p ~ ~ ~ ~ ! ~ + ,  - 
nor - 

L I 

( &( t .  ;Du ,My; 

V l L Y  A - A  

V lCU A-A  
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COMPARISON O F  I N - L I N E  GAP HEATING 
J S C  10 MW AND AMES 3 . 5  F O O T  TLNNEL , 
LAMINAR FLOW ( H C F  AND T H I N  S K i N  MODELS) 

JSC 10 R 4 . 2  ~c_lrn=.06~10~ 

( ICY A-A 

F i g u r e  165 
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a comparison between the HCF test results and the Ames 3.5 Foot H.W.T. test resnlts. 

The wind tunnel yielded slightly but consistently highcr heating ratios. The shapes 

of the heating distributions are similar. Figure 166 compares the effect of 

boundary layer state on in-line gap heating using results from the turbulmt CFHT 

and the laminar JSC Duct. This data, too, shows a higher heating when th.; bowdary 

layer is turbulent. ! 
The in-line gap heating obtained from the 8 Fsot HTST test shows a ignificant 1 

i 
higher heating as evident from Figure 167. The HTST heating pattern is also much 

higher than that obtained from the CFHT which had a much thicker turbulent boundary B 
$ 

layer. It should be remembered that a field of eleven tiles was used in the HTST 
j 

tests whereas the HCF tests employed four tiles. The flow over a tile field could 

also contribute to increased heating. Further investigations should be conducted 
? 

to determine if the in-line gap does receive this high heating because ir will , 

definitely affect TPS design. i 

The difference in enthalpy between arc tunnels and wind tunnels does not appear 

to significantly affect gap heat transfer when normalized by the reference surface 

heating rate. The laminar wind tunnel data agree reasonably well with the laminar 

arc tunnel data. However, the boundary layer state does affect the heating in gaps. 

The data indicate that turbulent boundary layers result in higher dimensionless 

heating in gaps than laminar boundary layers. These conclusions apply to in-line 

gaps as well as transverse gap with a noticeable exception where a relatively thin 

boundary layer maintains high heating deep within the gap. Data also indicates that 

laminar flow produces higher heating than turbulent flow when the tiles have large 

edge radius. 
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C O M P A R I S O N  O F  I N - L I N E  G A P  H E A T I N G  
J S C  10 MW A N D  C F H T  

( H C F  A N D  T H I N  S K I N  M O D E L S !  

JSC 10 HU 9 4.2 ReJm=.06~10~ 

A A 

now- A 

Figure 156 
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C O M P A R I S O N  OF I N - L I N E  G A P  H E A T I N G  
J S C  10 MW A N D  LaRC 8 FOOT HTST 

(HCF A N D  T H I N  S K I N  MODELS)  

YTST n - 6.2-7.0 b-1. - 2 . 0 ~ 1 0 ~  JSC 10 rV U = 4.2 R ~ - / ~ . M x I o ~  

Figure 167 
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5.0 DATA CORRELATION 

The gap hea t ing  d a t a  were c o r r e l a t e d  i n  terms of gap dimensions, l o c a t i o n  of 

gap, l o c a t i o n  i n  t h e  gap aud boundary l a y e r  parameters. A general  d a t a  management 

system das  s e t  up s o  a cmmon approach could be app l i cd  t o  d a t a  from each a v a i l a b l e  

source.  Tes t  r e s u l t s  were ordered,  and combined wi th  phys ica l  dimensions, instrument-  

a t i o n  coordinates  and boundary l a y e r  parameters t o  form a d a t a  bank. Over 24,000 

i n d i v i d u a l  hea t  t r a n s f e r  measurements were ass imi la ted  i n t o  a d a t a  bank, which is  

func t iona l  on McDonnell Douglas computers. This d a t a  management system permit ted  

quick i;ccess t o  da ta  s e t s  wi th  s i m i l a r  a t t r i b u t e s  and d i r e c t  inpu t  t o  a MRA (Multiple 

Regression Analysis)  computer prograa. Cor re la t ions  were obta ined f o r  t r ansverse  

gaps, in - l ine  gaps, f law a n g u l a r i t y ,  edge rad ius ,  and s t e p s  i n  the  Presence of 

laminar and tu rbu len t  boundary l aye rs .  

5 .1  Cor re la t ion  Method and Data Bank - Test  information supp l i ed  by each t e s t  

f a c i l i t y  was received on magnetic da ta  t apes ,  computer t abs ,  work s h e e t s ,  and f a c i l i t y  

t e s t  r epor t s .  Format and methois of t r a n s m i t t i n g  d a t a  were suggested t o  each f a c i l -  

i t y  and where p o s s i b l e  these  recommendations were incorporated t o  be c o n s i s t e n t  with 

what was most convenient f o r  t h a t  f a c i l i t y .  Data from each f a c i l i t y  were processed 

i n t o  the  datti bank. 

A procedure was s e t  up f o r  order ing d a t a  and combining of d a t a  wi th  flow f i e l d  

parameters. I n  t h e  following paragraphs the  mechanics of the  c o r r e l a t i o n  procedure 

a r e   describe^ ~ i t h  the  a i d  of a d a t a  handl ing flow c h a r t .  Also included i n  t h e  pro- 

cedure a r e  discrimirA,icors used t o  s e l e c t  d a t a  f o r  c o r r e l a t i o n  us ing t h e  Mul t ip le  

Regression Analvsis  program. 

5.1.1 Data Cor re la t ion  Procedure - Each piece  of gap hea t ing  d a t a  incorporated 

i n  the  d a t a  bank was assigned 24 a t t r i b u t e s  which provided t r aceab le  information 

about i ts  o r i g i n ,  ins t rumenta t ion l o c a t i o n  i n  the  j o i n t ,  hea t  t r a n s f e r  parameters 

and boundary l a y e r  parameters. The ass igned 24 a t t r i b u t e s  a r e  l i s t e d  i n  Figure 168.  

Traceable information about t e s t  program o r i g i n ,  run number and ins t rumenta t ion 

des ignat ion c o n s t i t u t e s  the  f i r s t  a t t r i b u t e  word. The system is formulated s o  t h a t  

information from o t h e r  t e s t s  can be added t o  the  da ta  bank. Information about the  

boundary l a y e r  flow over the  RSI j o i n t s  was combined wi th  ins t rumenta t ion l o c a t i o n  

and the  gap hea t ing  da ta  t o  complete the  d a t a  bank. The 24 a t t r i b u t e s  a r e  a l s o  used 

t o  s e l e c t  a p a r t i c u l a r  s e t  of d a t a  f o r  c o r r e l a t i o n .  The 24  a t t r i b u t e  information is  

s t o r e s  on magnetic d a t a  tape .  

The funct ioning of the  da ta  management system is i l l u s t r a t e d  i n  Figure 169.  For 

example, r e s u l t s  from the  CFHT t e s t s  s t o r e d  on a d a t a  t ape  a r e  combined wi th  t e s t  
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24  A T T R I  BUTES W O R D S  A S S I G N E D  
T O  E A C H  G A P  H E A T I N G  D A T A  P O I N T S  

PC OR CHAYNEL NUMBER 

RUN NUMBER 

TEST NUMBER 
TEST NUMBERS THAT HAVE BEEN ASSIGNED 

XX = 1, JSC WEDGE TESTS CONDUCTED -JR MDAC-E XX = 11,  LaRC, MACH 8 V.D.T. 

XX = 2, JSC CHMNEL NOZZLE TESTS CONDUCTED FOR MDAC-E XX = 12, AMES TURBLILENT DUCT TEST 

XX = 3, OTHER JSC CHANNEL NOZZLE TESTS XX = 13, LaRC 8 FOOT HTST 

XX 4, JSC, UDGE EDGE RADIUS, T H I N  SKIN, C.SCOTT X X  = 14, 50 W YEDGE TESTS 

XX = 10, LaRC, CFHT XX = 15,  M E S  3.5 FOOT HUT 
XX 16, AUES 3.5 FOOT HUT,  IN -L INE  GAP 

GAP CONFIGURATION 
1 = B U n ,  2 = CONTOURED, 3 = OVERLAP, 4 - INCLINED 

INSTRUHENTATION LOCAT ION 
1 = UPSTREAM SIDE OF GAP, 2 = WYNSTREAM SIDE OF GAP, 3 = IN -L INE  

4 = STAGNATION, 5 = T I L E  TOP. UPSTREAM SIDE OF GAP, 6 = T I L E  TOP WUN SIDE OF GAP 

x COORDINATES OF AN INSTRUHENTATION POINT, z = 0 

y AT TOP SURFACE OF THE TILE,  x = DISTANCE OOWNSTREM I z FROM CENTER OF TILE,  y (RIGHTHAND RULE), (cm) 

i .  DISTANCE FROM LEADING EDGE OF EACH T I L E  (cm) 
k/h, 

FLOW OR1 ENTATION (RADIANS) 

GAP WIDTH (un) 
STEP HEIGHT (un) 
GAP FLOW LENGTH (cm) 

r I L E  THICKNESS (cm) 

TILE PATTERN, D = STAGGERED, 1 = IN-L INE 

LOCAL MACH NUMBER 

REYNOLDS NUMBER/METER 

WMENTUM THICKNESS (cm) 
DISPLACEMEKT THiCKNESS (an) 
SUB-LAYER THICKNESS (ern) EWE RADIUS FOR CARL SCOTT ONLY 

HEAT TRANSFER COEFFICIENT ( h )  , ( K W ~ S E C )  

h/h,,f 

STANTON N W E R  

/T TEMPERATURE RATIO ACROSS BOUNMRY LAYER r w l  c 
BOUNMRY LAYER STATE, 1 = LAMINAR, 2 T W S I T I O ) ( A L ,  3 TURBULENT 

Figure 168 
P 
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matr ix  information,  TIC coordinates  and boundary l a y e r  flow f i e l d  parameters i n  the  

"RSI C" program t o  genera te  a  24 word a t t r i b u t e  tape .  Companion tapes  from the  

o t h e r  t e s t s  a r e  prepared i n  a  similsr manner. These t apes  a r e  tnen processed by 

another  program which s e l e c t s  d a t a  according t o  a  l is t  of d i sc r imina to r s  s p e c i f i e d  

f o r  a  p a r t i c u l a r  type of  gap t o  be analyzed. Information from tile JSC t e s t s  con- 

t a ined  on d a t a  cards  can be read by e i t h e r  the  "SELECT' program o r  by the  Mul t ip le  

Regression Analysis  (MRA) program. The MRA program processes  t h e  s e l e c t e d  da ta  

and determines t h e  b e s t  f i t  f o r  candidate  c o r r e l a t i o n  equat ions .  

A l is t  of 35 d i sc r imina to r s  was prepare;' f o r  s e l e c t i n g  daca fror- the  24 a t t r i b u t e  

tapes  f o r  c o r r e l a t i o n .  Figure 170 shows an input  form f o r  the  "SELECT" program. 

Upper and lower l i m i t  d i sc r imina to r s  were used t o  f a c i l i t a t e  the  s e l e c t i o n  process.  

Tabulations a s  w e l l  a s  tapes  were generated conta ining t h e  s e l e c t e d  data .  The 

tabula ted  information was va luab le  f o r  i d e n t i f i n g  t r ends ,  anomalies and f o r  checking 

data .  

Because of the  l a r g e  amount of h e a t i n g  d a t a  a v a i l a b l e  f o r  c o r r e l a t i o n ,  an auto- 

mated mul t ip le  r eg iess ion  technique was used t o  o b t a i n  consistent-nonbiased cor- 

r e l a t i o n  equat ions .  The step-wise Mul t ip le  Regression Analysis  (MRA) computer program 

(Reference 1 )  provided information as t o  the  adequacy of t h e  candidate  c o r r e l a t i o n  

funct ion and the  equat ion c o e f f i c i e n t s .  A modified ve r s ion  of the  MRA computer pro- 

gram which accep t s  information s t o r e d  i n  t h e  da ta  bank was used f o r  t h i s  study.  The 

p r i n c i p a l  mo4if ica t ions  included accept ing information s t o r e d  i n  the  da ta  and e w -  

i l i a r y  s t a t i s t i c a l  analyses .  The MRA computes a  s e r i e s  of r l l t i p l e  l i n e a r  re- 

g ress ion  equat ions  i n  a  stepwise manner. A t  each s t e p ,  one parameter is  added t o  

the  equation.  The v a r i a b l e  added is the  one which makes the  g r e a t e s t  reduct ion i n  

the  var iance  about the  mean. Equivalent ly ,  i t  is the  parameter which, i f  i t  were 

added, has the  h ighes t  "F" r a t i o .  Figure 171 l i s ts  the  form of the  c o r r e l a t i n g  

equa t ion(s )  and the  s t a t i s t i c a l  parameters use by the  MSA t o  o b t a i n  the  most 

appropr ia te  c o r r e l a t i o n .  

Local hea t ing  a t  the  gap r a t i o e d  t o  undisturbed f l a t  p l a t e  hez t ing  o r  r a t i o e d  

t o  the  value  on the  t i l e  top near  t h e  gaF edge was des ignated a s  the  dependent v a r i -  

a b l e  f o r  a l l  c o r r e l a t i o n s .  C o r r e l a t i o n s  were obta ined i n  terms of n ~ , < u r a l  logar i thms 

of the  dependent v a r i a b l e  because gap hea t ing  exper iences  a  decrease  of s e v e r a l  o r d e r s  

of magnitude with d i s t a n c e  i n t o  the  gap. For the  JSC PO MW d a t a  the  r a t i o  was fcrmed 

using measured convective hea t ing  r a t e s .  For a l l  o t h e r  t e s t s  t h e  r a t i o  u t i l i z e d  

measured convective hea t  t r a n s f e r  c o e f f i c i e n t s .  The hea t ing  r a t e  r a t i o  and hea t  

MCDONNELL DOUGLAS ASTRONAUTICS COMPANV - EAST 
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V A R I A B L E S  A V A I L A B L E  FOR SELECTING D A T A  

C O C V T C R  5Cl  f N C E 5  I)twr S l O *  D I I l  

SELECT INPUT FURM ofi l l  PaGt 1 o t  

r n o ~ ~ t u  RSI  CAP HE/.TINC SCREENING 
I 

DESCRIPTION (DO NOT KEY PUNCH) 0 1 W i I O i i  
h 

SClSTl 
CUE - c u e  N ~ E R  

~ 1 . ~ 2  - N W E R  O F  F I L E S  TO BE SKIP-k r*PLUmm O F  CURRENT USCAS. 

XLdU - X-LOVER L I M I T  (cm) 

XllIGH - X-UPPER L I M I T  (cm) 

Y!.6W - Y-LOVER L I M I T ( c r )  

YliILH = Y-UPPER L I M I T  (cm) 

L L W  I 2-LOWER L I M I T  (cm)  

ZIIIC!I - 2 - U P P E R  L I M I T  (cm) 

x n 1 . d ~  - i LOUR LWIT (cm)  

AnHl(;Il = i-UYPFR L I M I T  ( c n )  

Y B L ~ U  - Y-LOWER L I M I T  (cm)  

YHtIICH - ?-UPPLH L I M I T  (cm)  

N.I'IL4L - FLOL' ORIENTATION - LOWER L131': ( R M I A N S )  

4LPIL\II - n.OW qRIENTr.TION - UPPER L I X I T  ( R M I A V S )  

G,\I'hl. = GAP WIDTH - LOVER L I M I T  ( c m )  

CAPh'lI - CAY UIDTH - U P P t R  L I U I T  (cm) 

S T I F L  - S T E P  HEIGHT - LOVER L I M I T  (cm) 

STEFH - S T E P  IIEICHT - UPPER L I M I T  ( c m )  

LAFFL = GAP FLOW LENGTH LOJER L I N T  (cm) 

%I'M - SAP FLOW LENGTH . UPPER L m I T  ( c m )  

TtlKL - T I L E  T H I C W C S S  - LOWER L I M I T  ( c m )  
i 

THMl = T I L E  TllICKNESS - UPPER L I M I T  (cn) 

IPAT:.(l)  = T I L E  PATTERN: 0-STAGGERED. 1 - I N - L I X  I PATN (9 ) 

l ~ l l l ,  - WUNDARY LAYER STATE: 1 - U n I N A R ,  2 - T U Y S I T I U N A L ,  % N M U m T . -  
L -- I B L ( 9 )  , 

CAP CONFIGURATION: 1-BUTT. 2-CONTOURED, 3 r O V E R W .  4- INCLINED I G A P C ( 9 )  

I C L @ C ( l )  CAP LOCATION: 1-UPSTREAM S I D E  OF GAP. 2 - D O U N S T E W  S I D E  OF CAP. 

3-PARALLEL. 4-STAMATION.  5 - T I L E  TOP. UPSTPZAI( S I D E  OF 

CAP. 6 - T I L E  TOP. W Y N S T W  S I D E  O F  CAP - I C L W ( 9 )  

NTUL(1)  - TOTAL NLMBER OF DESIRED DATA M I K T S  ON EAOl TAPE T O  BE READ: 

o R~ADG m ~ u  nu .-- NTOL(9)  

I U  INTERHEDIAIE DIAGNOSTIC PRm-OUT OF F I R S T  I U  DATA POINTS 

HRLdY - LOWST ACCEPTABLE H ~ T I W  ut UTIO 

HRHlGH - HIGHEST ACCEPTABLE IlEAIUI; BATE U T l O  

K*SL KIRO 111 FDI Y IISTM~ATIW STYK TWT IS TO IE 01- 
VUIE OF h/h. a7 TOP or w ra w smr I 
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M U L T I  P L E  R E G R E S S I O N  A N A L Y S I S  

N = SACIPLE S IZE  

Y = DEPENDENT VARIABLE 

X i  = INDEPENDENT VARIABLE 

d f  DEGREES OF FREEDOM 

STANMRD DEVIATION OF ALL " Y '  VALUES: . - d V  
CORRELATION EQUATION: Y = Co + C1 X1 + C X + Cg X3 + . . . 2 2 

CORRELATION COEFFICIENT: R- '11 + 1 DENOTES W D  FIT1'  a2  

TOTAL VARIANCE ABOUT MEAN: sTZ = 5' + 5' + s3 2 

X1 X2 X3 + " '  * UNEXPLAINED 
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F TEST: 
F = 

TERRS ARE INCLUOED 

COEFFICIENTS 'C, ", 

INTO CORRELATION iQUATION STARTING Y I T H  LARGEST "F" 

LETERMINED BY LEAST SQUARES 

Figure 171 
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measured smooth flat plate heating at 15' angle-of-attack. It can be shown that the 
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transfer coefficient ratio become identical for high enthalpy flow produced by the 

JSC 10 MW facility. The indc7unCent variables considered in the MRA included boundary 

layer parameters, gap dimensions, locations in the gap and ratios formed from these 

quantities. Local flow properties (e.g. Mach number and Reynolds number) were con- 

sidered as correlation parameters because they affect embedded shock strength, flow 

expansion angle, boundary layer growth, boundary layer structure, etc. Other indepen- 

dent parameters considered cavity geometry and properties of the mass "captured" by 

the cavity relative to the structure and energy level of the rec1,rculating flow in 

the cavity. No individual test program had sufficient variation in free stream con- 

ditions to completely evaluate all candidate parameters. Additional experimental 

data are needed to completely determine the impact of these parameters on gap heating. 

In addition to the final function (or equations), intermediate regression equa- 

tions are obtained after each step in the MRA, giving an indication of which vari- 

ables are most important. Also, some parameters in thp candidate correlation func- 

.ion were rejected because they had no significant effect on the dependent variable 

(neating ratio). 

Statistic..l information is produced regarding goodness of fit, multiple correla- 

tion coefficient (R) and significance of interaction among independent variables. 

Of particular importance is -he standard error of estimate (S) for each step which 

represents the MRS error of prediction (or confidence band around the regression 

line). In following selections values of "S" and "R" are used to evaluate candidate 

function adequacy. 

5.1.2 - h/h,Computation - This subsection contains a review of heating ratios 
available for each set of gap heating data contained within the data bank. This 

review was conducted approximately midway through the program to establish which data 

sets contained the gap heating ratioed to the edge value on the tile top. As a re- 

sult of this review the entire Data Bank was upgraded to include h/h,. At the same 

time the effects of thermal conduction were factored intc the calculation of the 

local heat transfer€' "oefficient (see Section 5 . 1 . 5 ) .  

1) JSC 10 MW Arc Tunnel Channel Nozzle Tests of Mullite RSI tiles 

These data were referenced to the calculated surface heating rate from the lone 

surface thermocouple on the test article which was normally located 0.127 cm from 

the edge of one of the tiles. 

2 )  JSC 10 MW Arc Tunne? Wedge Tests of Four Edge Radii Tiles 

These data were measui-ed on thin skin tiles and were initially referenced to 
{ 
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sur face  hea t ing  on t h e  t h i n  s k i n  t i l e  is s i g n i f i c a n t l y  d i f f e r e n t  from t h a t  measured 

on the  smooth f l a t  p l a t e .  The s u r f a c e  hea t ing  nsa r  the  gap is  a  s t r o n g  func t ion  of 

su r face  l o c a t i o n  and gap width.  Therefore h/he computations were added t o  t h i s  d a t a  

s e t .  

3) LaRC Mach 8 Variable Density Tunnel, Wall and Freestream T e s t s  

These d a t a  were referenced t o  t h e  measured su r face  hea t ing  a t  t h e  most forward 

l o c a t i o n  of t h e  t e s t  a r t i c l e .  They were ass imi la ted  dur ing Phase I. 

Figure  55 shows da ta  referenced t o  t h i s  s u r f a c e  hea t ing  a s  a  func t ion  of Rem/m 

with  the  t e s t  a r t i c l e  i n  the  f rees t ream p o s i t i o n .  It can be seen t h a t  a t  h igher  

Reynolds numbers the  flow becomes t r a n s i t i o a a l  and tu rbu len t .  It i s  f e l t  t h a t  the  

gap hea t ing  a t  these  Reynolds numbers would c o r r e l a t e  b e t t e r  i f  referenced t o  the  

l o c a l  su r face  hea t ing  near the  gap. Figure 56 shows the  hea t ing  d a t a  referenced 

t o  the  measured hea t ing  a t  t h e  forward s u r f a c e  thermocouple (point  B) when the  t e s t  

a r t i c l e  is i n  t h e  tunnel  wal l  pos i t ion .  The boundary l a y e r  i s  tu rbu len t  over the 

e n t i r e  t e s t  a r t i c l e .  The su r face  hea t ing  i s  near ly  constant  over the  e n t i r e  su r face .  

Therefore,  the  reference  hea t ing  l o c a t i o n  i s  not a s  c r i t i c a l  a s  with the  f rees t ream 

t e s t s .  Due t o  schedule c o n s t r a i n t s  t h e s e  d a t a  were not  modified.  

4 )  Ames 3.5 Foot HWT 

Two s e t s  of d a t a  were received from t h i s  t e s t  f a c i l i t y .  The f i r s t  s e t  employed 

a  c a l i b r a t i o n  p l a t e  i n s e r t  and four  i n s e r t s  wi th  d i f f e r e n t  gap o r i e n t a t i o n  (see  

Figure172). These d a t a  were a s s i m i l a t e <  dgring Phase I .  A s e t  of da ta  f o r  a  s i n g l e  

i n - l i n e  gap was ass imi la ted  dur ing Phase 11. From analyses  contained i n  previous 

s e c t i o n s ,  i t  appears t h a t  h/h would be a  d e s i r a b l e  c c r r e l a t i o n  form f o r  these  da ta .  
e  

The d a t a  were o r i g i n a l l y  referenced t o  t h e  c a l i b r a t i o n  p l a t e  d a t a .  However, the  

presence of the  gaps has  been shown t o  cause e a r l i e r  t r a n s i t i o n  on the  gap i n s e r t s  

which a f f e c t s  both s u r f a c e  and gap hea t ing .  Both s e t s  of d a t a  were put i n  the  f o n i  

of h/he. 

5) LaRC Mach 10 CFHT Tunnel Wall T e s t s  

These da ta  were referenced t o  c a l i b r a t i o n  p l a t e  hea t ing  d j s t r i b u t l o n s .  The 

boundary l a y e r  i s  tu rbu len t  over t h e  e n t i r e  length  of the  t e s t  a r t i c l e .  This  re-  

s u l t s  i n  nea r ly  uniform hea t ing  a lcng t h e  d i r e c t i o n  of flow f o r  the  c a l i b r a t i o n  

p l a t e .  The hea t ing  i n  the spanvise  d i r e c t i o n  (normal t o  the  f l ~ w )  inc reases  s i g n i -  

f i c a n t l y  away fram the  c e n t e r l i n e  of the  t e s t  a r t i c l e .  

The d a t a  from these  t e s t s  ind ica t i .  t h a t  the  gap hea t ing  is  r e l a t e d  t o  t h e  

hea t ing  on i h e  top su r face  near the  gaps. The same t rends  t h a t  apply t o  the  gap 

WCDONNELL DOUGL4.S ASTROIVAUTICS COMPANY - EAST 



RSI GAP HEATING ANALYSIS - II 
VOLUME I 

REPORT MDC €1248 
JSC 09651 

241 

MCD,DNNELL DOUGLAS aSTRONAUTICS COMPLINV - E I S T  

Figure 172 



RSI GAP HEATING ANALYSIS - I I  
f"u17 VOLUME I 

REPORT MDC.EI248 
JSC 09651 

heating also apply to the top surface near the edges of the gap. This data appears 

to correlate better when referenced to edge value. Therefore, h/h, was added to 

the Data Bank. 

6) LaRC 8 Foot HTST of Gap Model 

These data were referenced to both h/hcalibration plate and h/hedge The 

test article was tested at 9'. 7.S0, and 15' anglee to the flow and two Reynolds 

number factors. Calibration data are available for only three of the six possible 

acgle-of-attack1Reynolds number combinations. 

7) Ames 20 MW Turbulent Duct of Silica Tiles 

These data were taken on silica RSI tiles. The data are in the form of thermo- 

couple temperature responses. The heating i-ates were obtaiced using the inverse 

solution technique and the data was already in the form of Q / Q ~ ~ ~ ~ ~ ~ ~ .  

5.1.3 Boundary Layer Transition - tgring the ?ourse of analyzing each set of 
data assimilated into this study, the state of the boundary layer over the test 

panel was determined. Each piece of data was marked as to its boundary layer state, 

mainly, based on results from tests on ~mooth calibration plates. The Ames in- 

line gap tests were handled differently because a continuous row of thermocouples 

were installed along the top of the panel near the gap and could be used to judge 

'q~undary layer transition. 

5.1.4 Specific Heat Correction of Thin Skin Data - Where necessary, corrections 
were applied to the data for differences in specific heat between the calibration 

plates and the test article. For example the heating data obtained on che top of 

the thin skin tile material used in the LaRC CF!IT test were consistertly higher than 

those masured on a companion calibration plate. Ihe calibration p l a t e  was fabri- 

cated from a sheet of 304 stainless steel. Nominal values for the specific hcdt of 

both macerials were used in the data reduction (Cp -0.12 and C p  =0.1019 Cal/gm°C). 304 32  i 
To verify tile correctness of these values the specific heat of a coupon cut from the 

two test articles was mearured. The specific heat vas measured at LaRC using the 

same equlpment and technique on both specimens. Figure 102contains the measurements 

acd upecific heat ratio. It was necessary to extrapolate down to 300°K where the 

wind tunnel tests were conducted. The measured specific heat values used for correct- 

ing the data are Cp -0.112 and Cp321-0.1045 ~s.l/gmOC. This reduces the heatlng 
304 

ratio by 9%. The computer program was modified to automatically correct the CPHT 

data. Figure103shows graphically the effects of the speciflc heat correction on 

tile heating. 
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A similar procedure was applied to the specific heat measurements on the thin 
i 

skin tile and calibration plate material received from I .  Weinatein at LaRC. The 

data are presented In Figurel38. The specific heat of the thin skin material is 

5.6% higher thalt that of the calibration plate at room conditions (30OoK3. In :h. 

original data reduction the same spec if:^ heat was used for both materials. Henco 

the heating ratio (h/hw) was 5.6% l a d .  Results in the Data Bank were corrected 

for specific heat. 

i 5.1.5 Conduction Correction of Thin Skin Data - An orthogonal conduction 
correction for the thin skin tile data was inserted into L:I~ data processing :r5- 

. , grams. 

This package arranges adjacent lnstrunentatlon so that the second dsrivativea 

The correction on heat transfer in both i x )  and (y) directions can be computed. 

coefficient is implemenzed as follows: 

= h  hcorrected HEAT 
STORAGE 
only- 

The procedure is setup so that the order of the temperature curve fit and the number 

of data points jn the least square calculation can be specified. For example, the 

entire set of heating rates obtained on the thi? skin tile tested in the HTST was 

corrected for thermal cocduction in two orthogonal directions. In some instances 

the heating rates changed by as much as 3.8%. Of course where there was little or 

no temperature differences indicated by the thermocouples, the heating rate remained 

unchanged. Figure lolshows the change in a heating &istribution on the tile when 

considering thcrmal conduction. 
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I 

5.2 C o r r e l a t i o n s  Formulated During Phase I - C o r r e l a t i o n s  were ob ta ined  f o r  

both  t r a n s v e r s e  and i n - l i n e  gaps f o r  t h e  10  MW Arc Tunnel a t  JSC. Transverse  gap 

h e a t i n g  was b e s t  desc r ibed  by t h e  fo l lowing e q u a t i o n ,  wherein d i s t a n c e  i n t o  t h e  gap, 

gap width  acd  t h e  i n t e r a c t i o c  between d i s t a n c e  and dep th  were t h e  most s i g n i f i c a n t  

v a r i a b l e s  i n  t h e  equat ion .  

an (qw ) = -. 3 7 l 6 - 5 . 0 ~ 4 9 ~ + 2 . 5 6 0 4 ~ ~ + l . 0 7 3 ~ ~ -  . 0 3 7 9 7 2 r 2 - . 0 3 6 5 4 ( ~ / ~ )  
q~~~~~~~ 

-6.0719 ( z / T ) ~  Equation (9) 

Equation 25 was s e l e c t e d  a s  t h e  most d e s c r i p t i v e  of  i n - l i n e  gap h e a t i n g .  I n  t h i s  

c o r r e l a t i o n ,  d i s t a n c e  i n t o  t h e  ga?, t h e  r a t i o  of  d i s t a n c e  t o  gap width  and width 
i were t h e  s i g n i f i c a n t  v a r i a b l e s  

en ( ) = -. 3319 -4.39792+1. 56302~- .  2295 ( z / w ) + ~  . 0 1 4 8 ~  
q ~ ~ m ~ ~ ~  

Equation (25) 

S e t s  of d a t a  from t h e  CFHT and t h e  Msch 8 t e s t s  were submit ted  t o  t h e  MRA program 

t o  determine t h e  t r ends  w i t h  b3th boundary l a y e r  and gap geometry f o r  t u r b u l e n t  

flow. The r e s u l t a n t  c o r r e l a t i o n  was 

h  1 

- =  0.01384 Z (-1.46402~-" ') (r W 1 7- Re 1 
h~~~ e  10  meter  

Equation (18) 

The independent v a r i a b l e s  have t h e  fo l lowing ranges  

0.29 TWITe 2 0.44 

l . l s b x l 0 6  < Re ( u n i t  e y n o l d s  number, m )  < 1 9 . 3 7 ~ 1 0  
6  

- - 

The CFHT data were a l s o  analyzed  t o  d e r e m i n e  the e f f e c t s  of flow a n g u l a r i t y  (y) 
0 

The fo l lowing c o r r e l a t i o n  r e s u l t e d  f o r  t h e  t r a n s v e r s e  gap r o t a t e d  90 . 
h Iln -- - 2 2 - -O.lO54-3.7l478Z+.60432Z +1.92179W-.00692Y +0.04316YW+.01768YG 

hFp +.00235 Y ~ Z  

Equation (12A) 
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3 5.3 Correlations for Edge Radius - Sets of four thin skin tiles in a .*.edge 
- t 

i 
1,: 

, . test fixture were inserted into the flow field generated by the JSC 10 MW Arc 
- i 

1 Tunnel (C. D. Scott, Test Engineer). Four edge radii (0.1575, 0.3175, 0.635 and 

1.270 cm) were tested at three gap widths (0.127, 0,254 and 0.381 ,- ). Originally 
the smallest radius tile was specified in the data we received to have a sharp 

edge (E = 0.01, so an entire set of correlations were developed using the informa- 

tion. Near the end of this program, information was received that the edge actually 

had a curvature. Unfortunately, scheduling would only allow reworking one correla- 

tion. Multiple Regression Analyses were performed to correlate the heating in the 

in-line gap both upstream and downstream of the transverse gap, and also on both 

faces of the transverse gap (see Figure 13). Analyses were performed first for 

only the vertical walls and then for the vertical wall plus the edge zone on the 

tile. Approximately 45 datz points per gap location were available for the verti- 

cal walls and 63 data points when the edge zone was included. 

5.3.1 Vertical Wall Correlations - Candidate parameters generated using gap 
width (W), edge radius (E) and distance into the gap (2) were used in the correla- 

tion of local heating ratioed to the heating on a plate without gaps. Both heatitg 

ratio and logarithm of heating ratio were tested. The logarithmic transformation 

produced the best fit. Three sets of candidate parameters (Figure Al) were used in 

analysis. The first set which involved (Z) was employed most extensive1.y. The 

other sets, which conta:ned the surface distance (S) were used to include the data 

on the radius. The third set included interaction between width and radius. 

245 

MCDONNELL DOUGLAS ASTRONAUTICS COMPANV - EAST 



RSI GAP 

8LJ 
HEATING ANALYSIS - II 

VOLUME I 

REPORT MDC El248  
JSC 09651 

Figure173  conta ins  the  b e s t  funct ion (us iqg s e t  1 parameters)  f o r  the  v e r t i c a l  

wa l l  d a t a  a t  the  four  gap loca t ions .  Also the  d a t a  f o r  the  a l l  in - l ine  gap were 

grouped toge the r  f o r  an analyses .  Similar  analyses  were performed f o r  t h e  t r ansverse  

gap and a grand c o r r e l a t i o n  f o r  a l l  v e r t i c s l  w a l l  da ta .  The regress ion  c o r r e l a t i o n  

c o e f f i c i e n t ,  s tandard e r r o r  of estimat,!,  minimum heat ing,  maximum hea t  f o r  both 

measured d a t a  and t h e  derived func t ions  a r e  l i s t e d  i n  t h e  f i g u r e .  A s  can be noted 

from the  f i g u r e ,  the  number of parameters was reduced from 39 t o  a  maximum of 8 by 

t h e  mul t ip le  r egress ion  a n a l y s i s  procedure.  The parameters a r e  l i s t e d  i n  each 

funct ion i n  the  o rde r  of s i g n i f i c a n t  con t r ibu t ions  t o  t h e  c o r r e l a t i o n .  For example, 

ZIW was the  most s i g n i f i c a n t  parameter i n  Equation 4-1. Each funct ion e x h i b i t s  a  

d r a s t i c  decrease  i n  t h e  hea t ing  wi th  d i s t ance  ( Z )  i n t o  t h e  ga?. The e f f e c t  of 

edge rad ius  i s  coupled e i t h e r  wi th  gap width o r  d i s t a n c e  i n t o  the  gap. 

Using the  logar i thmic  t ransformat ion of hea t ing  r a t i o  produced the  b e s t  f i t .  

A r eg ress ion  c o r r e l a t i o n  c o e f f i c i e n t  (R) of 0.9707 wi th  a  s tandard e r r o r  of e s t ima te  

(S) of 0.3541 was achieved.  The c o r r e l a t i n g  equat ion f o r  the  in - l ine  gap is:  

AS can oe seen rrom r l g u r e  1 1 4 ,  m e  r e s l u u a l s  are a l s r r iDurea  unlronnly wnen 

presented a s  a  func t ion  of measured d a t a  and a l s o  a s  a  func t ion  of ca lcu la ted  heat -  

ing.  The f i t t i n g  of t h e  d a t a  was performed us ing the  logar i thmic  value  and hence, 

Figure 174 should be used t o  judge the  degree of b i a s  i n  the  f i t .  Figure 175 pre- 

s e n t s  t h e  r e s i d u a l s  f o r  t h e  above func t ion  transformed i n t o  hea t ing  r a t i o s .  The 

c o r r e l a t i o n  equat ion y i e l d s  a  hea t ing  r a t i o  t h a t  v a r i e s  from 0.007 t o  0.9.11 a s  com- 

pared wi th  the  measured d a t a  which va r i ed  from 0.006 t o  1.020. The c o r r e l a t i o n  

func t ion  has a  s tandard e r r o r  of e s t ima te  (ca r t e sean)  of 0.1190. 

To understand the  goodness of f i t  and ?.he d a t a  s c a t t e r ,  f i g u r e s  have been pre- 

pared which compared t h e  c o r r e l a t i o n s  w i t h  t h e  repor ted  d a t a .  Figures  176 and 177 

con ta in  the  comparison f o r  t h e  i n - l i n e  gap, upstream of t h e  t r a n s v e r s e  gap. Although 

Equation 4-1 involves  seven t e r n s ,  the  curves  genera ted by t h e  equat ion a r e  smooth 

wi th  2,  E ,  and W .  F igure  176 is f o r  t h e  extremes of t h e  edge r a d i i  t e s t e d .  For 
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R E S I D U A L S  ( 2 4  F O R  I N - L I N E  G A P  

J S C  10 MW. EDGE R A D I U S  T E S T S  

('IT) CALCULATED 

Figure 174 248 
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R E S I D U A L S  ( C A R T E S I A N )  FOR I N - L I N E  G A P  
J S C  10 MWJ E D G E  R A D I U S  T E S T S  

FLOW 
--C-3 

'FP) MEASURED 

Figure 175 
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Z ,  D ISTANCE FROM HEATED SURFACE (cm) 
250 

Figure 176 
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Z , DISTANCE FROM HEATED SURFACE (crn) F i g u r e  177 
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t h e  wide gap (0.381 cm) t h e  f u n c t i o n  u n d e r p r s d i c t e  t h e  d a t a  n e a r  t h e  t o p  of  t h e  

gap. Hcwever, w h i l e  t h e  d a t a  scatter is  c o n s i d e r a b l e  f o r  t h e  lower h e a t i n g  v a l u e s ,  

t h e  cu rves  pasts through t h e  d a t a  mean. F i g u r e  177 i s  f o r  t h e  i n t e r m e d i a t e  edge 

r a d i i .  The cu rves  p a s s  through t h e  d a t a  meane except  f o r  t h e  l a r g e  edge r a d i u s  

(E = 0.635 cm) a t  t h e  narrow gap wid th  (W = 0.127 cm) where t h e  f u n c t i o n  under- 

p r e d i c t s  t h e  d a t a .  

C o r r e l a t i o n s  were a l s o  computed f o r  t h e  i n - l i n e  gap (upstream of t h e  t r a n s v e r s e )  

u s ing  s u r f a c e  d i s t a n c e  (S) r a t h e r  t han  t h e  2-dimension. These a n a l y s e s  Glere per -  

formed t o  test  t h e  hypo thes i s  t h a t  h e a t i n g  i s  a  smooth f u n c t i o n  of ( S ) .  The 

c o r r e l a t i o n  e q u a t i o r  (4-2) f o r  t h e  v e r t i c a l  w a l l  r eg ion  of t h e  gap is  conta ined  

i n  F igu re l73 .  Using (S) a s  a  c o r r e l a t i n g  parameter  dec reases  t h e  number o f  ; e m s  

from e i g h t  t o  s i x  a t  a s l i g h t  r e d u c t i o n  i n  t h e  goodness of  f i t .  

5.3.2 C o r r e l a t i o n  f o r  Edge and Wall - The o t h e r  c o r r e l a t i o n s  prepared  cons idered  

t h e  a d d i t i o n a l  d a t a  p o i n t s  f o r  t h e  curved ( o r  edge) p o r t i n n  of t h e  gaps. The b e s t  

r e s u l t i n g  c o r r e l a t i o n  (Equation 4-9, F igure  178) has  t e n  terms. In  Figure  179 t h i s  

c o r r e l a t i o n  is compared wi th  t h e  measured i n - l i n e  gap d a t a .  The S c o r r e l a t i o n  

appears  a b l e  t o  accomvdate h e a t i q g  on t h e  t i l e  edge a s  w e l l  a s  t h e  v e r t i c a l  p o r t i o n  

of t h e  gap w i t h  no s i g n i f i c a n t  l o s s  i n  accuracy.  F igure  180 compares t h e  b e s t  

c o r r e l a t i o n  (Equation 4-17, F igure l78)  f o r  t h e  t r a n s v e r s e  gap w i t h  t h e  d a t a .  F igure  

1 7 8 p r e s e n t s  t h e  c o r r e l a t i o n  of s e t  3  parameters  w i th  t h e  edge and wall. d a t a .  

5.4 C o r r e l a t i o n s  f o r  Long I n - l i n e  Gap - Heat ing  d a t a  ob ta ined  on a  l ong  in-  

l i n e  o r  a x i a l  gap was sepa ra t ed  acco rd ing  t o  bolmdary l a y e r  s t a t e  and c o r r e l a t i o n s  

were developed f o r  an  i n - l i n e  gap i n  laminar  flow a t  i nc idence  a n g l e s  from ze ro  t o  

f i f t e e n  deg rees .  

Two s e t s  of  laminar  d a t a  were s e l e c t e d  from the  d a t a  bank f o r  c o r r e l a t i o n ;  

t h e  f i r s t  s e t  c o n s i s t e d  of 273 measurements a t  ze ro  inc idence  "y", t he  second of 

635 p o i n t s  a t  Y between z e r o  and f i f t e e n  deg rees .  

5.4.1 C o r r e l a t i o n s  f o r  Long I n - l i n e  Gap ( Y = ~ O )  - h e a t i ~ g  measurements were 

ob ta ined  f o r  t h r e e  va lues  of gap width and Reynolds number and fou r  gap dep ths .  

!.ttnmptc t~ l i n e a r i z e  t he  d a t a  proved f r u i t l e s s  s o  c o r r e l a t i o n s  w?re a t tempted  us ing  

independant  parameters  up t o  t h e  t h i r d  o r d e r .  F igu re  A 1  p a r t  2 c o n t a i n s  t h e  v a r i a b l e s  

i n v e s t i g a t e d .  Sepa ra t e  a n a l y s e s  were developed f o r  gap h e a t i n g  r e fe renced  t o  t h e  

f l a t  c a l i b r a t i o n  p l a t e  "hFpq' and t h e  edge of t h e  gap '%EDGE". lThEDGjl " is  t h e  h e a t i n g  

: i r a t e  a t  y=-0.51 cm on the  gap, S i d e  B a s  i l l u s t r a t e d  i n  F igu re  1 4 .  The r e s u l t a n t  

i e q u a t i o n s  a r e  p re sen ted  i n  F igure  181. The independent  parameters  a r e  sequenced 
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according  t o  t h e i r  i n d i v i d u a l  douSnance i n  t h e  c o r r e l a t i o n .  Thus, I' LnZ" was 

t h e  most s i g n i f i c a n t  parameter  t o  both  t h e  f l a t  p l a t e  and edge r e fe renced  c o r r e l a t i o n s .  

It is  i n t e r e s t i n g  t o  n o t e  t h a t  whi le  t h e  second o r d e r  term was t h e  n e x t  most dominant 

parameter  f o r  t h e  (h /h  ) equa t ion ,  ( L ~ z ) ~  was more impor tant  i n  t h e  o t h e r  equa t ion .  FP 
5.4.2 C o r r e l a t i o n s  f o r  Long In-Line Gaps ( 0 ~ < y < 1 5 ~ ) -  - - Analys is  and c o r r e l a t i o n s  

were performed t o  determine the  e f f e c t  of f low o r i e n t a t i o n  ang le  (y)  on t h e  h e a t i n g  

d i s t r i b u t i c n  i n  t h e  i n - l i n e  gaps.  Heat ing  measurements were ob ta ined  f o r  both w a l l s  

(S ides  A and B) a t  0,  5, 10 and 15 degrees .  When d a t a  from S ide  A, a lone ,  were 

cons idered ,  t h e r e  were 516 measurements. C o r r e l a t i o n s  were developed f o r  both  d a t a  

s e t s  us ing  ( h l h  ) .+lid (h/hEDGE) a s  t h e  dependent v a r i a b l e .  The r e s u l t i n g  func t ions  FP 
a r e  l i s t e d  i n  F igure  182. 

When t h e  gap h e a t i n g  was r a t i o e d  t o  f l a t  p l a t e  measurements, t h e  e f f e c t  of  (y) 

was masked i n  t h e  s t anda rd  d e v i a i i o n  (S) .  The c o r r e l a t i o n  c o e f f i c i e n t  (R) inc reased  

s l i g h t l y  (from 0.9202 t? 0.9399) by excluding  S ide  "B" d a t a .  This  e f f e c t  can be 

a t t r i b u t e d  t o  a  d i f f e r e n c e  i n  h e a t i n g  on t h e  o p p o s i t e  w a l l s  o f  t h e  gap. When the  

h e a t i n g  was r ac ioed  t o  t h e  edge va lue ,  t h e  e f f e c t  of  (y)  appea r s  i n  t h e  c o r r e l a t i o n  

(Equation 16-5 and 16-6). Dis tance  i n t c  t h e  ( Z ) ,  gap width (W) , momentum t h i c k n e s s  
6 (Q), and u n i t  r syno lds  number (Re110 ) c o n t r i b u t e  more t o  t he  c o r r e l a t i o n  equa t ion  

thac  does + \e  i nc idencz  ang le  (y ) .  However, d a t a  from one of t h e  low Reynolds 

number t e s t s  d id  show a  dependence on ( y ) .  Data f o r  o t h e r  t unne l  c o n d i t i o n s ,  

w id ths ,  d?pths and iy)  must ov&rslradow t h i s  e f f e c t .  For example, t h e  runs  a t  

y = 10' show a  sha rp  i n c r e a s e  i n  h e a t i n g  due t o  gap width  e x p e c i a l l y  a t  t h e  

h igher  Reynolds number t e s t e d .  Heating 0-1 t h e  downstream a i d e  (Side  A) of t h e  

gap is  almost  twice  t h a t  on t h e  upstrezm s i d e .  The d a t a  i n d i c h t e  t h a i  t h e  pre- 

secne  of  t h e  i n - l i n e  gap a t  s l i g h t  i nc idence  ang le s  causes  t h e  boundary l a y e r  t o  

become t u r b u l e n t .  

5 .5 C o r r e l a t i o n s  f o r  Transverse  Sap -(Laminar and T r a n s i t i o n a l  Flow) - Heating 

r a t e s  measured cn t h e  downstream w a l l  of a  t r a n s v e r s e  gap were examined f o r  t r e n d s  

w i t h  d i s t a n c e  i n t o  t h e  gap (Z), gap ~ i d t h  (w) and u n i t  Reynolds number. Ccrre-  

l a t i o c s  were then  developed.  

The l a r g e s t  group of  d a t a  examined were obtaL:ed from t h e  Ames 3.5 Foot H.W.':. 

A t o t a l  of 668 d a t a  p o i n t s  were ob ta ined  u s i n g  t r a n s v e r s e  gap models w i th  gap dep ths  

of 1.02 cm, 2.03 cm and 4.06 cm. Heating r a t e s  measured on a  smooth c a l i b r a t i v n  

p l a t e  were used a s  a r e f e r e n c e  and a l s o  t o  de termine  t h e  o n s e t  of boundary l a y e r  

t r a n s i t i o n  from laminar f low. Of t h e  668 measurements, 316 were f o r  laminar f low. 

258 

MCDONNELL DOUGLAS ASTRONAUr#CS COMPANY - EAST 

- - 



C
O

R
R

E
L

A
T

IO
N

 
F

U
N

C
T

IO
N

S
 

FO
R

 
IN

-L
IN

E
 G

A
P

S
 (

A
M

E
S

 
3
-
5
 F

O
O

T 
H

*W
-T

o
) 

*I.
. 

L
A

M
IN

A
R

, 
0
s
 )

( 
15

 
D

E
G

R
E

E
S

 

RA
NG

E 
IN

 q
/q

, 
(C

AR
TE

SI
AN

) 
UR

ED
 

! 
N

W
Q

IO
H

 

SI
DE
 A

 
AN
D 

t
n
(
h
 )

- 
-l
.O
06
04
-.
96
10
4t
nZ
/V
 

6
 35
 

P
I#

 
I 

O
F

 C
*r
 

h
~

.
~

.
 

16
-3
 

~
n

(
h

 
)-

 
h

i
.
~

.
 

I 

II
D

C
 A
 
01

 
C

AP
 

~n(
{- 

) 
- -.

~
~
s
o
z
-
.
~
~
o
u
J
I
~
(
$
 

51
6 

E
D
G
E
 

+ 
-

6
 
t
n
(
h
 )

 
- 1

.4
64
34
-1
.2
&9
28
ln
($
)+
. 

1
0
1
~
)
(
l
n
~
)
~
+
.
5
4
6
9
0
(
l
n
~
)
 

(l
aw
) 

h
~

~
~

 



@ RSI GAP HEATING ANALYSIS - II izxz VOLUME I 

REPORT MDC €1248 
JSC 39651 

R e s u l t s  ob ta ined  from two t e s t  programs conducted i n  t h e  NASA JSC 10 MW Arc 

Tunnel f a c i l i t y  were a l s o  inc luded  i n  t h e  a n a l y s i s .  Seventy e i g h t  measurements were 

used from t h e  HCF type  HRSI t i les  t e s t e d  i n  t h e  Laminar Duct, and e l even  measure- 

ments were used from a t h i n  s k i n  t i l e  model t e s t e d  i n  a  wedge t e s t  f i x t u r e .  These 

h e a t i n g  d a t a  were a l s o  r e fe renced  t o  h e a t i n g  on a smooth p l a t e .  Three HCF t i l e  

th i cknesses  (3.18 cm, 5.08 cm and 6.35 cm) were employed i n  t h e  Laminar Duct tests. 

The t h i n  s k i n  t i l e  t e s t s  u t i l i z e d  a  t i l e  4.13 cm t h i c k .  

I n  F igure  183,  h e a t i n g  measuremer~ts from t h e  M S  3.5 f o o t  H.W.T. a r e  p l o t t e d  

two ways i n  an  e f f o r t  t o  o b t a i n  t h e  s i m p l e s t  c o r r e l a t i o n .  When p l o t t e d  on t h e  Log- 

Log s c a l e  t h e  d a t a  shows a  sha rp  break  which i s  d i f f i c u l t  t o  d e s c r i b e  mathemat ica l ly .  

Of n o t e  is t h e  i n c o n s i s t a n t  t r end  w i t n  u n i t  Reynolds  umber. Th i s  i ncons i s t ancy  

whether  r e a l  o r  due t o  exper imenta l  technique  makes t h e  c o r r e l a t i o n  development more 

d i f f i c u l t  and c o n t r i b u t e s  t o  t h e  s t a n d a r d  e- ror  of  e s t i m a t e .  

I n  F igu re  184,  t h e  h e a t i n g  a t  two depths  i n t o  t h e  gap is  p r e s e l ~ t e d  i n  t he  two 

formats .  Daca from t h r e e  gap widths  (0.127, 0.254 and 0.508 cm) a r e  conso l ida t ed  on 

t h i s  f i g u r e .  The t r e n d s  a r e  f l a t t e r  on t h e  semi-log s c a l e .  I t  should  be po in t ed  

o u t  t h a t  t h e  cu rves  i n  t h e  f i g u r e  a r e  u n c o r r e l a t e d  e s t i m a t e s  and t h e  presence  of 

severaL (abnormal) p o i n t s  was neg lec t ed .  Also,  t h e r e  is  an appa ren t  non-monatonic 

t r e n d  w i t h  gap width.  These o b s e r v a t i o n s  w i l l  man i f e s t  themselves i n  a  l a r g e r  

s t i indard e r r o r  of e s t i m a t e .  

P l o t s  of  t h e  NASA-JSC 10 MW Arc Tunnel t e s t s  r e s u l t s  a r e  con ta ined  i n  o t h e r  

s e c t i o n s  of t h i s  r e p o r t .  

C o r r e l a t i o n s  f o r  t h e  L a m i n a r / l r a n s i t i o n a l  dat.a set were developed. F i r s t  t h e  

e n t i r e  s e t  (668) of d a t a  from Ames was c o r r e l a t e d  us ing  Parameter  S e t s  4 and 6 (F igure  

~ 1 ,  parc  2 ) .  The r e s u l t i n g  f u n c t i m s  (Equat ions  15-1, and 15-2) a r e  con ta ined  i n  

F igu re  185 w i t h  a  c o r r e l a t i o n  c o e f f i c i e n t  (R)  of  less than 0.89.  Equation 15-1 was 

developed from t h e  s e t  of cand ida te  parameters  ( S e t  4) i nvo lv ing  the  loga r i thm d f  

boundary l a y e r  parameters  and p h y s i c a l  dimensions of  t he  gap. The w a l l  t o  boundary 

l a y e r  tempera ture  r a t i o  (T  /T ) c o n t r i b u t e d  most t o  t h e  c o r r e l a t i o n .  Next Parameter  w e  
S e t  6 which c o n ~ a i n s  both l o g a r i t h m i c  and non- logar i thmic  terms was employed i n  a  

second c o r r e l a t i o n  (Equation 15-2). Unit  Reynolds number, boundary l a y e r  displacement 

t h i c k n e s s  a s  w e l l  a s  phys i ca l  d!-mensions c o n t r i b u t e d  t o  t h e  c o r r e l a t i o n .  The AMES - 6 
t e s t s  were conducted a t  fou r  u n i t  Reynolds numbers (10 xRe/m = 1.4,  2.2, 3 . 3  and 

4.5) and had a  boundary l a y e r  w i th  a  displacement t h i ckness  of  0 .21  t o  0.48 cm and 

a momentum t h i c k n e s s  of 0.127 t o  0.052 cm. Add i t iona l  exper iments  a r e  needed t o  
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v e r i f y  t h e  dependency of gap h e a t i n g  on boundary l a y e r  parameters .  An improved f i t  

was o b t a i n e d  u s i n g  a  parameter  s e t  (number 7) assembled from t h e  t r e n d s  observed i n  

F igu re s  183 and 184. 

S e t  7 

1 )  c u b i c  v a r i a t i o n  w i t h  (Z) 

2) q u a d r a t i c  v a r i a t i o n  w i t h  (W) 

3) l i n e a r  v a r i a t i o n  w i t h  (Re) 

4) l i n e a r  v a r i a t i o n  w i t h  (T) 

The parameters  r e s u l t i n g  by expanding t h i s  e x p r e s s i o n  were used i n  t h e  Mul t ip l e  

Regress ion  Ana lys i s .  Only a s m a l l  improvement was o b t a i n e d  f o r  t h e  668 d a t a  p o i n t s  

( s e e  Equation 15-3) .  

When Parameter  S e t  7 was a p p l i e d  t o  j u s t  t h e  laminar  d a t a  (316 measurements) 

from A m e s ,  t h c  r e g r e s s i o n  c o e f f i c i e n t  i n c r e a s e d  t o  0.9364 and t h e  s t anda rd  e r r o r  of 

e s t i m a t e  decreased  t o  0.1439 ( c a r t e s i a n ) ,  Equat ion 15-4. 

The o t h e r  laminar  d a t a  was t hen  added t o  t h e  AMES d a t a  and 405 measurements 

were used t o  develop Equation 15-5. Dis tance  i n t o  t h e  gap ( Z )  c o n t r i b u t e d  most t o  
2  

t h e  goodness of f i t  and (W ) t h e  l e a s t .  The i n f l u e n c e  of ( Z )  is very  e v i d e n t  and 

a l s o  e n t e r s  i n t o  t h e  most compl ica ted  te rms  i n v o l v i n g  ('4, (Re) ar.d (T). Figu res  

186 and 187 a r e  t h e  r e s i d u a l  p l o t s  f o r  Equat ion  15-5 and show a uniform sp read  in-  

d i c a t i n g  a n  unbiased  f i t .  F i g u r e  186 is f o r  t h e  Iln(h/\EF) which was used t o  develop  

t h e  c o r r e l a t i o n  and F i g u r e  187 p r e s e n t s  t h e  same d a t a  i n  terms of ( h l h  REF) . 
Figure  188 i s  a  comparison of Equation 15-5 and a  sample of measured d a t a .  Only a  

s m a l l  amount of d a t a  from t h e  AMES 3.5 f t .  H.W.T. and JSZ Arc Tunnel t e s t s  i s  con- 

t a i n e d  on rhe f i g u r e .  The preponderance o f  d a t a  i s  from t h e  AYES Tunnel and hence 

Lhe c o r r e l a t i o n  pas se s  through t h e  c e n t e r  of t h e  d a t a .  Equat ion 15-5 a l s o  d e s c r i b e s  

t h e  d a t a  from t h e  JSC Laminar Duct.  Th i s  is n o t  t h e  ca se  f o r  t h e  wedge t e s r  which 

employed a  t h i n  s k i n  m e t a l l i c  t i l e .  Equat ion  15-5 under p r e d i c t s  t h e  d a t a  from t h e  

t h i n  s k i n  t i l e .  F igu re  189 shows t h e  e f f e c t  of each  gap v a r i a b l e  on h e a t i n g  t o  t h e  

downstream w a l l  of a  t r a n s v e r s e  gap. 

The c o r r e l a t i o n  s t u d y  f o r  t h e  t r a n s v e r s e  gap ( l amina r  f l o w )  was exp lo red  

f u r t h e r  by adding  a  pseudo h e a t i n g  v a l ~ w  sf u n i t y  t o  each s t a c k  of i n s t r u m e n t a t i o n  

and then  g c z c r a i i n g  a n o t h e r  c o r r e l a t i o n .  For example. t h e  405 measurements w2re 

o b t a i n e d  from s e p a r a t e  114 s t a c k s  of i n s t r u m e n t a t i o n .  A s t a c k  c o n s i s t s  of  t hose  

thermocouples l o c a t e d  on t h e  s i d e  of  a  t i l e  a t  t h e  same X and Y c o o r d i n a t e s .  The 
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H E A T I N G  T R E N D S  I N  T R A N S V E R S E  G A P ,  

o (EQUATION 15-5) 

REYNOLDS NO. 
. - -  ~ - -  .t-- - + - -  

I 
I i 

R E P O R T  MDC E l 2 4 8  
JSC 09651 

L A M I N A R  F L O W  

0 .5 1 . o  . 5  1 .  0 .5 1. 

Z = DISTANCE FROM SURFACE (cm)  
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same s e t  of candidate  c o r r e l a t i o n  parameters t e e d  t o  genera te  Equation 15-5 w e  

used. The der ived c o r r e l a t i o n  funct ion (Equation 15-6) i~ contained i n  Figure 190. 1 t 

The c o r r e l a t i o n  c o e f f i c i e n t  (L) improved s l i g h t l y  (from 0.9273 t o  0.9562) and the i 

v 
s tandard e r r o r  of e s t ima te  (S ) decreased (from 0.1451 t o  0,1335).  Also, a 

c o r r e l a t i o n  (Equation 15-7) was developed ueing t h e  gap hea t lng  r a t i o e d  t o  the  value 

on the  top of the  t i l e  near  the  edge of the  gap. The c o r r e l a t i o n  c o e f f i c i e n t  
v 

decreases s l i g h t l y  and t h e  (S ) increased s l i g h t l y .  

MCDONNELL DOUGLAS AJTWONAUTICS COMPANY r RLLmf  

Several  c o r r e l a t i o n s  were developea f o r  hea t ing  on the  downstream w a l l  of a 

t r ansverse  gap submerged i n  a laminar boundary l aye r .  E i t h e r  Equation 15-5 o r  

15-6 is  s u i t a 5 l e  f o r  p r e d i c t i n g  hea t ing  i n  t r ansverse  gap. 
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Figure 190 
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5.6 Correlationo for Tranover3e Cap - Turbulent Flow - Heating meaeured on 
the dometream wall of the traneveree gape teoted itr the LaRC M- - 8 Variable 

Density Tunnel (116 measuremente) , the LaRC Cont+nuous Flow Hypersonic Flow Tunnel 
t '47 meaeurements) and in the LaRC 8 Foot High Temperature Structures Tunnel (42 
t 

t' meaouremenre) were used in the Multiple Regresrlion Analyeie. Figure 191 contairra 

the reoulting correlation function. 
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1 5.7 C o r r e l a t i o n s  f o r  Gaps w i t h  S teps  - Figure  192 shows t h e  e f f e c t  J £  s t e p  

* : h e i g h t  on h e a t i n g  i n  a  t r a n s v e r s e  gap. The d a t a  i n d i c a t e s  t h a t  t h e  h e a t i n g  r a t e  

i n c r e a s e s  w i t h  both s t e p  h e i g h t  and gap width.  Sepa ra t e  c o r r e l a t i o n s  were developed 

f o r  gaps w i t h  s t e p s  f o r  laminar.  t r a n s i t i o n a l  and t u r b u l e n t  flow. T'iese e q u a t i o n s  

a r e  a p p l i c a b l e  t o  t h e  downstream w a l l  of gaps w i t h  bo th  rearward and forward f a c i n g  

s t e p s  and a r e  shown i n  Figure  1 9 3 .  The laminar flow c o r r e l a t i o n  was de r ived  us ing  

704 d a t a  p o i n t s  mostly from t h e  Ames 3.5 f t  t unne l .  The t r a n s i t i o n a l  c o r r e l a t i o n  

was based on 461 d a t a  po inLs  from Ames and 89 from LaRC Mach 8 tunne l .  The t u r b u l e n t  

func t ion  w a s  based  on d a t a  from t h r e e  tests a t  LaRC. Figure  194 comptres t h e  t e s t  

and c a l c u l a t e d  va lues  f u r  t h e  LaRC CFHT d a t a  f o r  two gap w'dths. F ig3re  195 shows 

9 :a snd c a l c u l a t e d  curves  f o r  t h e  Ames laminar  flow d a t a .  F igure  196 shows t h e  

r e g r e s s i o n  r e s i ? r - a l s  f o r  t h e  c a l c u l a t e d  h e a t i n g  r a t i o s .  

The c o r r e l a t i o n  c o e f f i c i e n t  i s  low f o r  a l l  t h r e e  of t h e s e  f i t s ,  e s p e c i a l l y  fo; 

t h e  laminar c a s e s .  Examination o f  t h e  d a t a  seems t o  i n a i c a t e  t h a t  t h e r e  is  some 

i n t e r a c t i o n  between gap wid th ,  s t e p  h e i g h t  and boundary l a y e r  t h i ckness  no t  a c c o u n ~ e d  

f o r  i n  t he  c o r r e l a t i o n .  

273 
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EFFECT O F  STEP H E I G H T  ON H E A T I N G  I N  T R A N S V E R S E  G A P  

-0.2 -0.1 0 0.1 0.2 0.3 0.4 

D - STEP HEIGHl (cm) 

CFHT 

0 

I 0 AME 

AVERAGE HEATING 

W = 0.71cm 
W = 0.46cm 
W = 0.23cm 
W = 0.13CM 

:S 3.5 FT HWT W 

CHANNEL NOZZLE 

W = 0.72cm 
W = 0.3cm 

W = 0.2cm 

W = 0.07cm 
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Figure 193 
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6.0 GAP HEATING CALCULATION PROCEDURE 

A general calculation procedure has been developed using available gap heating 

correlations. lhis procedure is suitable for sizing TPS, determining system per- 

formance and str~-tural temperatures. The calculation procedure is formulated as 

a set of subroutines which can be used with other thermal model components which 

describe the thermal characteristics of the gap between tiles, the tiles themselves 

and the structure. At the present, a set of 24 correlation expressions and control 

logic have been set up in h group of subroutines so that the  pa^!-agt is self con- 

tained with well defined interfaces and readily identified input and o~tput. lhe 

package is designed to be cbmpatable with general heat transfer computer programs 

such as the MDAC-E H E A T W  and SINDA. The input list consists of the location 

within the gap where the convective heating is to be computed, gap gecmetry des- 

criptors and boundary layer descriptors. Figure 197 describes the interface of 

the main subroutine with the calling program. In addition to the FORTRAN calling 

list, a labeled common is used to store the argument list ARGL(25) and other para- 

meters passed between the subroutines within the calculation procedure. The argu- 

inent lisr is sized so that the subroutine can be expanded as more correlations are 

added. The key parametors with'.n the argument list ARGL(25) have preset default 

values to insure proper functioning of the subroutine in case a parameter is not 

supplied by the calling program. 

The main subroutine "GAPH" is written with an option to input any parameter in 

the ARGL list when the subroutine is first accessed by using NAVELIST input system. 

Not all parameters described on the ARGL list are needed at the present time, so 

the formulation of the desired correlation function should be examined to determine 

the needed parac,eters. The features of the subr~utine package are highligt~te6 in 

Figure 198. Thc parameter "IC0R" can be used to specify a correlation equatim cr 

by setting IC0R=O the logic within GAPH can La used to select the correlation equa- 

t ion. 

In Figure i99 the correspondence between correlation sequence number, the 

equation designation, the gap configuration and flow conditions are tabulated. The 

designated correlation equations are found earlier in this report. Several correla- 

tions were deve,oped during Phase (01) and are included in the gap heating pro- 

cedure. 

I n  general, the correlations were developed from datz measured by instrumenta- 

tion covering o;ily a finite zone of the gap. Hence, some correl?tions may yield 

MCOONNELL DOUGLAS ASTRONAUr#CS COMPANV - E A b T  
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G A P  H E A T I N G  S U 3 R O U T I N E  " G A P H "  

o FORMULATION I S  SETUP FO "GAPH" CAN ACCEPT MANY CORRELATIONS 
o SUBROUTINE WORKS Y I T H  HEATRAN AND SINDA 

SUBROUTINE GAPH (J, NTAB, ZZ, Y, QQ) 
ARGL I S  I N  LABLED COMMON/COMGAP/ 
J = -1 SETS UP SUBROUTINE NAME (HEATRAN, ONLY) 

= o READS SUBROUTINE INPUT CARDS (HEATRAN, ONLY) 
= 1 COMPUTES GAP HEATING 

NTAB = NUMBER OF POINTS I N  ZTAB (25 MAX) 
ZZ = TABLE OF GAP Z-COORDINATES (OR S~OORDINATES) WHERE HEATING RATES ARE 

TO BE COMPUTED ( 2 5  MAX) 
S = SURFACE DISTANCE FROM UPPER TANGENCY P O I N T  I N T O  GAP c m  
Y = GAP Y-COORDINATES WHERE HEATING I S  TO BE COMPUTED f c m j  
QQ = TABLE OF COMPUTED HEATING RATES CORRESPONDING TO ZZ TABLE ( 2 5  MAX) 

ARGL, ARGUMENT LIST (DIMENSIONED TO 2 s )  
ARGL (1  ) = I B L  = BOUND4RY LAYER STA'rE: 1 = LAMINAR, 2 = TRAI iS IT IONAL,  

3 = TVRBULENT 
ARGL ( 2 )  = IGLPC = GAP L O G i ! O X :  1 = UPSTREAM S I D E  OF GAP, 2 = DOWNSTREAM 

S I D E  OF GAP 
3 = I N - L I N E  GAP, 4 = STAGNATION POINT,  
5 = T I L E  TOP.6 = LONG I N - L I N E  GAP 

ARCL ( 3 )  = ICBR = CORRELATION NUMBER TO BE USED: I F  ZERO I B L  AND I G L B C  
DETERMINE CORRELATION TO BE USED 

ARGL ( 4 )  = J O I N T  CONFIGURATION: 1 = BUTT, 2 = COUNTOURED, 3 = OVERLAP, 
4 = I N C L I N E D  

ARGL ( 5 )  = E = EDGE RADIUS (cm) 
ARGL ( 6 )  = GAMMA = FLOW ORIENTATION (RADIANS) 
ARGL ( 7 )  = GAPW = GAP WIDTH ( c m )  
ARGL (8 )  = GAPD = GAP DEPTH (cm)  
ARGL ( 9 )  = STEP = STEP HEIGHT ( c m j  
ARGL ( 1 0 )  = GAPFL = G.'? FLOW LENGTH (cm)  
ARGL (11 ) = HPHLPW = LOkER L I M I T  ON HEATING R A T I O  
ARGL ( 1 2 )  = HBHHI = UPPER L I M I T  ON HEATING R A T I O  
ARGL ( 1 3 )  = AMACH = LOCAL MACH NUMBER 
ARGL ( 1 4 )  = REPM = REYNOLDS NUMBER/ME'iER 
ARGL (15)  = THETA = MOMENTUM THICKNESS (cn~)  
ARGL ( 1 6 )  = OTHK = D!SPLACEMENT THICKNESS ( c m )  
ARGL ( 1 7 )  = SLYR = SUBLAYER T H I C U E S S  (cm)  
ARGL ( 1 8 )  = HFP = HEATING RATE OR HEAT TRANSFER COEFFICIENT FGR LOCAL 

CONDITIONS ON A SMOOTH VEHICLE 
/ T  , TEPPERATURE R A T I O  ACROSS BOUNDARY LAYER ARGL ( 1 9 )  = TWUTE = TWALL 

ARGL ( 2 0 )  = IH)H = HEATING RATIO:  1 = H/HFp$ 2 = H/HE 

ARGL ( 2 1  ) To (25 )  = FOR FUTURE EXPANSION 

Figure  1 9 7  
2 8 0  
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1 .  SUBROUTINE FORMAT (CALL GAPH) 

1.1 USER SELECTS CORRELATION OR SUBROUTINE SELECTS CORRELATION 

1.2 ERANCH I S  MADE TO CORRELATION EQUATION SUBROUTINE 

1 .2.1 CONSTANTS FOR EQUATION 

1.2.2 ON SUCCESSIVE PASSES EQUATION EVALUAIED 

1 . 3  I F  DISTANCE INTO GAP I S  LESS I i i A N  "ZMIN", CONTROLLED EXTRAPOLATION IS 
USED 

1 . 4  I F  DISTANCE INTO GAP I S  GREATER THAN "ZMAX" LINEAR EXTRAPOLATICN I S  USED 

2. HEATING DISTRIBUTION CAN BE INPUT THROUGH NAMELIST 

3 .  CORRELATION EQUATION SUBROUTINES ARE NAMED US i  AG EUUATION NUMeER 

EXAMPLE,: SUBROUTINE EQ4D14 +EQUATION 4 -14  

281 F i g u r e  1 9 8  
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unrealistic values when extrapolated, especially very near the top of the gap or deep 

within the gap. For those functions with these tendancies, an extrapolation pro- 

cedure for the very top zone (A) of the gap and zone (B) within the gap has been 

implemented. The procedure is depicted in Figure 200. An "SMIN (or ZMIN)" 4is- 
$ 

tance defining zone A is contained in the subroutine. A second order equation bridges 

the "A" zone from S (or Z) = 0 to SMIN. At the S=O the second order equatlon passes 

through h/$EF = 1. For rhe deep zone "B", a correlation cut-off distance SMAX (or 

ZMAX) is vised to anchor a linear extrapolation. The constants for the extrapolation 

are evaluated ir thr equation slrbroutine and transferred back to the main subr3utine 

where the actual extrapolation calculation procedure is implemented. 

The calculbtion procedure is listed in Appendix C. The main subroutine "GAPH" 

is structured with an input section (NAMELIST), printing cf lnput parameters, logic 

for selecting correlation function if none is specified and calls LO correlation 

equation subroutines according tu sequence number. Each equation subroutine is 

given a name derived from the "Equation Designation", for example; Eguati0.4 4-9 has 

a subrout-ne EQ4D9 which contains the formulation of constants which are evaluated 

durlng their first access. In turn each equation subroutine calls a function sub- 

routine which actually computes the heating ratio. All equation subroutines are 

setup with essentially the same calculation flow for easy comprehension by the reader 

The subroutine "GAPH" computes heating ratios or actual ko.ating rates If designated 

for the entire set of S (or 2) values input prior to ~rinting the gap heating dis- 

tribution. If one of the gap parameters or flow field parameters ?hanges during 

the course of an analysis of a mission, "GAPH" should be re-called. 
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T E C H N I Q U E  FOR E X T R A P O L A T I  M G  
C O R R E L A T I O N  F U h C T I O N S  

0 ZONE A F I T  WITH 2ND ORDER 
FUNCTION, TANGENT AT A AND 
PASSES THROUGH 1. 

0 ZONE B F I T  I i I T H  LINEAR EQUATION, 
TANGENT AT B 

\ 
\ - INSTRUMENTATION _, \ 

ZONE A ZONE ZONE 8 \ I 
i 

t + 
ZMIN ZMAX 

Figure 200 
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The effect of gap heating on thermal protection sjstem (TPS'I requirements is 

a major conclusion to be drawn from this study. The thermal protection eystem for 

i the Shuttle consist: of a strain is~lation pad (SIP) bonded to the alwinum surface 
I 

1 i with the RSI tiles bonded to the SIP. Aluminum structure temperature penalties are 

! expected because of the possibility of having large gap widths and tiles with small 

! corner edge radius. The nominal TPS configuration has tiles with edge radii of 
i 
i 0.152 cm and a gap width of 3.254 cm betweea tiles. The greatest tile thicknes~ 

increase over a one dimensional model (no gap) was 42% and corresponded to tiled 

having a corner edge radius o: 0.152 cm and a gap width between tiles of 0.508 cm. 

However, if the tile corner edge radius is increased and the gap width reduced, the 

tile thickness increase can be reduc~d to 12%. Heat leakage in the gap is a complex 

combination of convectior~, radiation, conduction within the kSI tile and coating, 

and duration of heat soak. 

A set of TPS sizing calcclatioca was made i ~ r  bo4y point 1040 which is located 

on the lower surface of the Shuttle fuselage where surface tamperuLures reach 

nominally 1278OC. The effect of gay width and edge radius on TPS requirements 

were investigated. The thermal model used in this analysis is shown on Figure 201 

and is basically the same as described in Section 4.7 except for substitution of a 

radiatior. heat sink for the channel wall. The RSI used was LI-900, having a dmsity 

of 144 kgs/m3 and was covered with waterproof coating. Analyses were performed for 

the current Shuttle bctsel.ine entxy trajectol~ (14414). F i g w e  202 js the referewe 

heating rate and Figure 203 is the local prrs,iure. The reference heating was con- 

verted , , a local heating rate using a multiplying (actor of 0.3646 and was imposed 
on the top of the tile with rile gap heating correlatiun applied to the gap walls. 

7-e gap heating correlation (Equation 4-1.7) fcr a transverse gap submerged in a 

laminar boundary layer flow was used. This correlation was developed from data mea- 

sured on thin skin tiles with vcrious ejge radii tested i n  R wedge in the JSC 1C MW 

Arc Tunnel. The method whereby the correlation was obtaitlr3 is described in S ~ L -  

tion 5.2. Figure 204 shows the heating distributi-ms. As car. '.? seen on this f:zure, 

the curves do not extend deep Lnto the sap. Figure 205 s h w s  :he nethod of extra- 

polating the correlation curve toward the bondline. In the gap near tt~e upper sgr- 

face, a second order curve was fit between an aseigned tangency point on Equation 

4-17 and passing through Pn(q/q, )=1.0 at the tangency point of the edge radius snd 
r P 

tile flat surface (S - 0.0). The tech~ique of extending the currelation curves is 
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T H E R M A L  M O D E L  O F  A N  R S I  T I L E  J O I N T  W I l H  E D G E  F W N J S  

2 RTV LAYERS 
STRUCTURE 

- 7 .62  cm 
COAT I NG 

THERMAL MODEL NOTES: 

1 .  CONVECTIVE HEATING ON SURFACE AND GAP WALL 
2 ,  COATING THICKNESS = 0 . 0 3 8 1  cm 
3. COATING E M I S S I V I T Y  = 0.80 
4 .  ALUMINUM STRUCTURE = 0 . 2 0 3  cm 
5 .  S I P  + RTV ADHESIVE = 0.445 cn 
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R E F E R E N C E  E N T R Y  H E A T 1  NG R A T E  

TRAJECTORY 1441 4 
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- - 
LOCAL HEATING = qREF (oL/qREF) 

FOR BODY POINT 1040 = qREF + 0.3646 

0 400 800 120Cl 1600 2090 

ENTRY TIME - SECONDS 
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FUNCTION, TANGENT AT A AND 
PASSES THROUGH 1. 

@ ZONE B F I T  

\ 
SLOPE OF 1 CYCLE 
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TO BOTTOM OF GAP 

\ 
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t 
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also described in Section 6.0. The local pressure was used to obtain the proper 

thermal conductivity of LI-900 which is a function of pressure and temperature. 

Comple.ie trajeciory analyses were performed by computing transient tetopetatures 

using the 2-Dimensional thermal model until the aluminm structure (0.203 cm) reaches 

Q maximum temperature. Solutions were obtained for gap widths ranging from 0.0 to 
i 

I 0.508 cm and inner edge radius (Ei) ranging from 0.1524 cm to 0.635 cm. The sensi- 
i 
i tivity of aluminum temperature to tile thicknesa is shown in Figure 206 for the 
I 

nominal gap width of 0.254 cm and Ei = 0.152 cm. By comparison, a one dimensional 

thermal analysis indicates 7.315 cm of RSI would suffice with no gap present. In- 

formation from the previous figure is also presented in Figure 20? as the ratio of 

TPS thickness with a gap to thickness without. Approximately 33% more RSI is needed 

considering a nominal gap. 

Gap width between the RSI tiles has a significant effect on TPS requirements. 

Figure 208 shows that increasing the gap width from 0.254 cm to 0.508 cm results in 

a tile thickness increase of seven percent for a tile with an edge radius of 0.152 cm. 

Figure 209 shows the same information relative to the 1-D thermal model requirements. 

Likewise, the tile edge radius has a significant effect on TPS requirements as can 

been seen on Figure 210. Increasing the tile edge radius (not including coating 

thickness) from 0.152 cm to 0.305 cm reduces the required RSI thickness by five per- 

cent for tiles with a gap width of 0.254 cm. Figure 211 shows this information nor- 

malized to +he 1-D thermal model requirements. 

Typical temperature-time history plots (Figures 212, 213, 214) ahow the response 

of the tile, the coating on the tile top and gap wall, and in the center of the tile. 

A t  the time of peak heating, the in-depth temperatures of the coating in the gap and 

temperatures in the RSI adjacent to the gap coating (not plotted) are hotter than the 

in-depth temperature of the RSI toward the center of the tile. This shows the effect 

of gap heating on temperature. 

Figure 215 summarizes the amount and percent change of RSI (LI-900) required to 

limit the aluminum structure temperature to 177°C for several combinations of gap 

i widths and edge radii. The percent change over a 1-D model (no gap) ranges between 
i 
i 12 and 42%. 

i 
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ALUM1 NUM S T R U C T U R E  MAXIMUM TEMPERATURE 
V S *  R S I  T I L E  T H I C K N E S S  

@ 2-D MODEL 
@ BODY POINT 1040 

TRAJECTORY 14414 
0 GAP WIDTH = 0.254 cm 
@ INNER EDGE RADIUS = 0.152 cm 
@ COATING THICKNESS = 0.038 cm 
o ALUMINUM TAICKNESS = 0.203 cm 
@ CGATING EMISSIVITY = 0.8 

I 

. , ' , . .  
I- .' . / -,'* - < /'- 3 /,, 

; . I . : ; . .  . ALUMINUM 
, , ,  

160 = I I J 
STRUCTURE 

8 9 10 1 1  
X - RSI THICKNESS - cm 

Figure 206 

INCREASE OF 2-D OVER 1-D MODEL 
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G A P  W I D T H  EFFECT ON T P S  R E Q U I R E M E N T S  
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- COATING THICKNESS 
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. 

W - GAP WIDTH - 
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0 2 - D  MODEL 
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COATING THICKNESS 
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Figure  212 
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THE ABOVE RESULTS WERE OBTAINED USING EQUATION 4-17. 

Figure 2 1 5  
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8.0 CONCLUSIONS 1 
Convective heating on the surface and within the gaps between representative 

Space Shuttle RSI tile configurations has been extensively investigated. Data 

from 10 test programs in 6 NASA facilities provided the experimental base for 

this investigation, which was conducted in two phases. Major conclusions from this 

investigation are summarized below. 
'E 

A number of major conclusions from Phase I were reinforced during phase I1 i 
d* 

and none was invalidated. Some of these are: 8 
4 

o Gap heating is a three dimensional phenomenon. Both transverse gaps and ,\ 
I 

in-line gaps (as well as gaps of intermediate sweep angles) experienced t 
f 

significant lengthwise and wall-to-wall variations in heating in additior ! 

to depthwise variation. 

o Interactions exist between gap heating and heating on the top surfaces of 

tiles. 

o Gap heating increases with width; however, for a given width and distance 

from the tile surface, heating decreases as the gap depth is increased. 

o Tiles having forward facing steps experience higher gap heating than tiles 

with rear-facing steps or no steps. 

o Gap cross section geometry is significant for wide gaps (greater than 0.25 cm) 

and less important for narrow gaps. 

o With a turbulent external boundary layer, gap heating at flow incidence 

angles between 0 and 712 is higher than at either 0 or 7 1 2 .  

Additional significant conclusions which were drawn from the Phase I1 studies 

include : 

o In-line gaps promote boundary layer transition. Ex~mination of data from 

the Ames 3.5 Foot HWT indicates transition is initiated within the gap and 

propogates outward. 

o Gap heating appears to increase more rapidly than tile surface heating as 

Reynolds number is increased. (A heating increase phenomenon similar to an 

"energy dump" was observed on a tile trailing edge tested in a turbulent 

boundary layer at the LaRC 8 Foot HTST.) 

o Increasing edge radius is observed to increase gap convective heating slightly. 

However, lower tile temperatures result, sir,ce the heating increase is more 

than offset by the greater radiant heat rejection afforded by the increased 

radius. i 
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Data correlation activity during the study yielded 21 equations describing gap 1 i 
1 

heating distributions as functions of boundary layer state and gap geometry. Several Y .  $ '  , * 

of these were originally developed during Phase I and improved by utilizing the larger 1 
i ~ 

data base made available during Phase 11. Among the more important correlations are t 

i the following: 

o Transverse gap correlations which have been improved through the incorpora- 

tion of additional data 

o Correlations for edge radius 

o Correlations for long in-line gaps including sweep angle effects up to 

15 degrees 

o Correlations for gaps with steps 

A new gap heating subroutine called GAPH was prepared during Phase 11. The 

subroutine is designed to be compatible with thermal analysis programs such as SINDA 

and HEATRAN. The subroutine incorporates ;he correlation equations developed during 

the study together with internal logic to select the appropriate correlation equa- 

tion. The desired correlation can also be selected directly by the program user. 

Parametric evaluation of gap width and radius effect shows increase in TPS 

thickness caused by presence of gaps varies between 12% and 42%. Heat rejection by 

radiation from gap regions is enhanced by increasing tile edge radius. For instance, 

increasing radius from 0.152 cm to 0.305 cm reduces RSI thickness requirement by 5%. 

Finally, though not a study objective, it is worth noting that Laring the data 

analysis a persistent tendency existed in all the thin skin tile models for the 

apparent heat transfer rate on the upper surface to decrease near the tile edge. 

Tests with filled gaps seem to indicate this does not result from a fluid dynamic 

phenomenon produced by the gays. Attempts to explain the mystery on the basis of 

lateral conduction in the thin skin indicate the magnitude of skin conduction is 

not sufficiently large to account for the observed effect. The phenomenon remains 

unresolved. 
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- 8  
Gap heating data from ten Lest programs in six test facilities ~jrovided the 

!.asis for this study. The analysis of these data revealed a number of surprises 

for which satisfactory explanations have not been found. Not all of the unexplained 4 
L 

phenomena are of sufficient importance to the Space Shuttle Program or possess suf- 

ficient intrinsic merit to deserve further attention. In addition to the unexplained 

vhenomena, the present body of data contains omissions which deserve attention. The 

.ecommendations which follow are intended to address significant phenomena which are 

,ot understood and to address significant voids in the existing data. 

As stated in the Conclusions (Section 8), gap heating is observed to be a three 

dimensional phenomenon. Significant lengthwise variations in heating rates were ob- 

rerved for all gap orientations in the absence of nominal pressure gradients on tile 

surfaces. In addition to the observed three-dimensionality of heating within gaps, 

results from several of the tests show evidence of strong interactions between heat- 

ir.g within the gap and adjacent tile surfaces, (Similar results have been observed 

using teflon models in the Ames facility, Reference 5.) The three dimensional nature 

of gap heating and its interaction with tile surface heating merits further explora- 

t-ion. Such exploration should employ pressure measurements as well as oil flow and 

thermal map-A-~g techniques. One or more of the existing tee: panels could well be 

~mdlfied to perform such an investigation. Aiso of merit is the development of an 

analytical computational method for computing flow fields with the gaps between 

tiles which include viscous effects, real gas effects, pressure gradients, flow field 

sxnks and sources, and heat transfer. 

This curren- 7rogrsm investigated in-line and staggered butt type gaps at flow 

orierltationa .anging from 0 to n/2 radians in the presence of a turbulent external 

borlndarv ' ayer (LaRC Mach 10 CIXT Wall Test). Peak heating over large portions of 

the Shuttle will occur in the presence of a laminar boundary layer at flow inclina- 

ti ns of approximately 7 / 4 .  The tests previously conducted in the LaRC CFHT should 

~e repeated with a laminhr external boundary layer, using, if possible, the same 

test apparatus. 

The following activities are recommended to be pursued, either individually 

or (prclerably) in conjunction with the above: 

o Ex?and correlation activity to include T slots and the most forward 

corner on tiles oriented at flow iuclination angles in the vicinity of 7 / 4 .  

o Investigate the tendency of heat transfer rates measured using thin skin 

models to decrease near the tile edge. 
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o Investigate differences between results obtained from thin skin and RSI 

models by buildlng duplicate models and testing in the saae facility. (The 

need for one of the duplicate models could be satisfied by using results 

from the current program. ) 

o Perform gap heating teRts using companion RSI tile models each with a 

different edge radius to further define the benefits (or disadvantages) 

of radiused tiles especially when exposed to the high enthalpy flow expected 

during flight. 
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APPENDIX A 

LIST OF CORRELATION PARQMETERS 

Figura A-1 presents the lists of the independent correlation parameters sub- 

mitted to  the MRA progrim. These parameters are divided into seven separate s e t s  

so that a particular s e t  could be used i n  the analysis of a spec i f ic  gap heating 

e f f ec t .  
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P A R A M E T E R  S E T S  I N V E S T I  G A T E D  FOR 
H E A T 1  NG C O R R E L A T I O N S  

2 
(HE), (WE) , nn(W+E), an(W+E) 

2 

(W+ZE). (WPE) * tn (w~E). t n ( ~ 2 ~ )  - -  ' -  c--------- 

NOTE: SUBPACE DISTANCES ARE ASSIaED A POSITIVE SIGN H)R PUBPOSES OF THE 
CORRELATION 

A2 Figure A1  
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:: 

- 
SET 4 

h Z ,  (Lnz12, (LnZ) 
3 

LnL, LnRe 
* 

he, h r . kn T ~ / T ~  

'6* Z 6* 2 * 3 
En i i j  ,Ih w ] 2 ,  /En t $ 1  

6  
Iln - Z 

L '  Ln - w , 

Ln W, (Lnw12, ( h z )  (EnW), (PnZ) (LnW) 
2  

2  e (enz )  (anw12, (&nz l2  (enw) 
D 
t 
k Ln T 
t - - - - - - - . , - - - - - - - - - - - - -  - 
i 

SET 5 
1 2 
1 Same a s  SET 4  wi th  t h e  a d d i t i o n  of  y ,  y  , Ln (COSY) ------------- ----- 
! 
1 where: Z = Dis tance  bi1t0 t h e  gap (cm) 

L = Gap l e n g t h  (cm) 
6 -1 

Re = Local. u n i t  Reynolds number (10 m ) 

8 = Momentum t h i c k n e s s  (cm) 

6* = Displacement t h i c k n e s s  (cm) 

W = Gap width  (cm) 

T = Cap depth  ( t i l e  t h i c k n e s s ) ,  (cm) 

y Flow inc ideace  ang le  ( r a d i a n s )  

Tk 
- = Temperature r a t e s  a c r o s s  boundary l a y e r  (T = w a l l  tempera ture)  
T~ W 

- - - - - - - -  
SET 6 

2 Same c s  SET 4  wi th  the  a d d i t i o n  of Z ,  Z , W. L,  Re, 8, 6 * .  TWITE 

----- ------- 
SET 7 

1 )  cub ic  v a r i a t i o n  wi th  (2) 

2) q u a d r a t i c  v a r i a t i o n  wi th  (W) 

3) l i n e a r  v a r i a t i o n  w i t h  (Re)  

4) l i n e a r  v a r i a t i o n  w i t h  (T)  

A3 Figure A1 
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GI o p t n  u ~ L  h r  no. IXI C1, " 3:98i 
Z(O S) Y 

( ~ $ 1  ,065  2 7  Y Z S 2  y 3 8 1  y 5 0 8  

CAP 0  PTW I T  C Y  1. 1.000 
UNIT  X u  Yo. rut M-a, i ~ - 6 1 .  3.000 

z c o a s )  w w Y Y Y 
rcwl - 0 6 5  . I Z ~  ,254 - 3 8 1  ,506 

EWA'ION 1 5 - 5 . L I M . T I A M  CAP 

G A P  o w w  rr cn I b .000  
U l l f  I C T  YO. (11 M-1, 10-61.  1.00; 

Z t O I  S J  Y L I Y 
CCWI a @  1 ,251  8 1  h 1  
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APPENDIX C 

GAP HEATING CALCULATION PROCEDURE L I S T I N G  

A complete discuss?on of the calculation procedures ;s 

contained in Section 6.0. The following 23 pages contain 

t h e  detail listilrg of the gap heating calculation procedure. 

It is  titt ten in Fortran I V  and consists of a labeled common 

(COMGAP), a main (QRATIO) and 36 subroutines. A list of 

program comFonents is shown at the risht. QRATIO is a 

demonsrratlon main program and should be re-written to 

interface with the other parts of a gap thermal model. A 

sample output from the procedure is shown at the bottom of 

this page. 

SAMPLE OUTPUT --- 

REPORT MDC, f.1248 
JSC 09651 

cscorr  
€041716 
ORF 
f BLlJ 
EQCIl9 
SMAXF 

0NGIPJA.C PAGE I8 
OF Pooa g u m  
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PROGRAM QRAT I O ( I N P U T = I O I  ,OUTPUT ,T APE5z I  NPUT TAPE6=OUTPUT) 
Gb' HEATING f ACTORS 6f NERdT € 0  8 V  C O R R E L A ~ ~ O N  €0. 

MARCH 1.975 HaEa CHRISTENSEN 

---- TEST MAIN 

EOUIY'LENCE (ARGL(3),ICCR), (ARGL(7) r W t r  l ARGLl e )  911 9 

1 (ARGL(14) REPF), ( PRGL (i 1 r I B L )  
n 

2 ( A R G L ( ~ ) ,  ~ G L O C ) ,  (ARGL(~ I , IGAPEI  

I T R L G  = -i, ALL PARAMETERS NECSSARY TO SELECT AND EVALUATE 
!i GAP HEATING EPUATIOb ARE CONTAINEO I N  (ARGL) 

k + I T R I G  = i r  NAMELIST INFUT OF AOOITIONAL (ARGL)  VALUES. 

E I T R I G  = 2 I S  SET TO 12) BY SUBROUTINES AFTER F I R S T  PASS. 

E OEFA UL T --- TRA!SVER E GAP ( Q a  9 )  HCF/JSC TESTS (EQ. 9) I C O R  = I 2  
f i  CALL GAP+ ( rTRr I . *~d.zz  . v ,oI j  
CJ 

STOP 1 
E N 0  
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E GAP HEATING CALCgLATION METHOD 
C He€. CHRISTENSEN 75 

OATA S S / - 9 9 9 9 e /  

ICOR)  GAMMA^. 
5TEP 

11 .HOHH£ ) ,  
THETA) 
,HFP I r 

OATA SM IN, Sl lAX/- , leE+30 1 eE+30/  
D A T A  E GAMHA, GAPY.  GAP^. STEP, GAPFL. HOHLOY. HOHHI. AHACH. 
I R ~ P M  OrHK SLVR HFP*TWDTE/ 
2 0 e 0 0 d 0 , 0 , t , 0 e 2 6 ~ . 5 e 0 . 0 e 0 , i 0 e 0 9 0 e 0 ~ 0 i v 3 * 0  ~ 5 e O ~ l e O E + O 6 ~ 0 e l ~  
3 0 . 0  O i c i . O . 1 . O ~  

AVEQAGED GAP HEATING FROM AMES 3.5 FT HeYeTe 

O A T A  I T Q  / 1 2 /  
ZTAB ( I N C H )  
DATA ZTAB / O . O I  O e O i .  0.015. 0.023, 0.036. 0.060, 0.10, 0.149 

1 0.23 0.30 0.50, 5 .001  
DATA & T A B  /1.6, 1.2, 1 .C.  0.8. 0.6. 0 . 4 .  0.2. O r i r  U.05. 0.025. 

1 3.0.  0 . 0 1  
OATA L O  / 1 2 /  

N A M E L I S T / L I S T I /  ARGL I R G L  9 I B L  IIGLOC, ICOR& GAMMA G A P u ~ G A P o  
i STEP G ~ P F L .  YOHLOY HOHHI. ACACH. REPM.O~HK. SL VR.HFP. 
2 ~ W O T E . I H O H , L T A B . O T A B , I T Q , N T A B ~  ZZ.Y ,SS 

I F  ( S S ( 1 )  eLTe-9990.1 GO TO 4 
0 0  2 I = i . N T A B  

2 Z Z ( I ) =  S S ( I )  
4 GONTINUE 

0 0  5 I =  I I T Q  
5 S S ( I , = Z t  (1, 

C3 

MCOONNEI L DOUGLAS ASTRONAUTICS COMPANY - EAST 



RSl GAP HE ATlNG ANALYSIS - II 
VOLUME I 

----- E Q U A T I O N  O E C I S I O N  

1 0  I F ( I C 0 R  eGTa 0 1  GO TO 5 0  

f'ODELS 

a AND a GA 

AND a GA 

ANDaGA . ANOaGA 

1  

R E P O R T  MDC E l 2 4 8  
JSC 09651 

I C O R  = 3 

I C O R  = 4 
I C O R  = 5 

I C O R  = 6 

I C O R  = 7 

ICOR = 8  

I C O R  = 9 
I C O R  = 1 0  

C 9 R Q E L 4 T I O N  FOR TRANSVERSE GAPvCOhN-STREAH WALL9 L A M I N A R  ( 1 5 - 5 )  

12 I F ( I B L . E Q a 1  aANOm I G L O C a E Q ~ 2 1  I C O R  = I1  

I h - L I N E  GAP H C F / J S C  t E Q m 2 5 1  

TqANSVERSE G 4 P t  DOWN STREAM W A L L *  TURBULENT ( E Q s  1 8 1  

I F  ( I B L a  EQa 3 ANOc I G L O C  1 EPa 2) 
I F ( I C O R m N E a I 0  1  GO TO SO 

I C O R  = :3 

ICOR = 14 

EFFECT OF G A Y Y A  OM TRANSVERSE GAP, TURBULEr lT  (EQa 1 2 8 )  
I F ( I B L a E Q a 3  aANOa IGLOC.EC.2 a A N O m G A M l l A ~ N E a O e O l  I C O R  = 1 5  
I F ( I C O R a N E a I 0  1  GO TO 50  
I F  ( I G L O C a N E a 6 1  GO TO 1 4  
t F ( I C O R a N E a 1 D  1  GO TO SC 

NE GAP C O W €  
0 .0  .AND. i o  1  GO T O  5 
Ja 0 .AND 

£0 1  G O  TO 4 
I .AND a i o  1  so  T O  5 

a 2 a AND. 
a 1 a AND a 

a 2 a ANC* 
I D  1  GO TO 5 

L 4 T I O N  t € 0 ,  
I H O H a  EOm11 

0 
I H O I I *  EQ a2 1  

0 
I H O H *  E Q a 1 1  

0  
IHOH. EQ e l )  
I H O H a E Q a 2 1  

I H O H o E Q a 2 )  
G 

STEPS 

TO EQ 1 6 - 6 1  
I C O R  = 16 

I C O R  = 17 

I C O R  = 1 8  

I C Q R  = 19 
I C O R  = 20 
I S 2 2  = Z i  

I C O R  = 22 
COR = 23  

fc0R = 24 

C4 
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RSI GAP HEATING A N A i W S  - II 
VOLUME I 

REPORT MDC E l 2 4 8  
J S C  09651 

6 IUATION SELECTED 
5 0  ONTINVE Y = l  

Z = Z Z ( J )  .. GO TO 9 4  
b 

55  I F (  SoLTmSHIN) GO TO 7 0  
I F (  SoGTo SHAX) GO TO 80 
GO TO 9 4  

C ,. HEATING RAT 10 EVALUATED 

i SECOND ORDER CURVE F I T  BETWEEN SHIN AN0 S=O 
TO XLNQR = ( B H I N  t CMIN*S)*S - GO TO 90 

k LINEAR EXTRAPOLAT I O N  I N i ' O  GAP EELOW I NSTRUHENTATI ON 
80 XLNQR = FMRX + DFOSB*(S-SllAXB 
90 Q = EXP(XLWR) 

e. 
GO TO 2 0 0 0  

t ----- CONSTANTS COMPUTE0 OURING I T R I G = I  PASS 
C 
C ,. BRANCHING TO EQUATION SLBROUTINES 

TABLE LOOK-UP 
I F  ( ITRIGoEOo2)  GO TO 1 0 1 2  
WRITE (6,901) 
0 0  1 0 1 1  K = l  I T Q  
WRITE (6,956) K,ZTlB(K),QTRB(K) 
CONTINUE 
I T U I G  = 2 
IMEH = 2 
GO T O  55 
CALL T B L U ( I D U M , I M E M ~ Z ~ Z T A B ~ Q ~ Q T A 0 )  
GO T O  2000  
SCOTT AVERAGE OF TQANSVESE GAP LP AND DOWN WALLS 

IF(EoGE. 0 03 i lC8 ) I R  = 2 
GO TO 55  
CALL CSCO TT IR, S, Q) 
GO T O  2000 

TRANSVERSE GAP, DOWN ( E Q o b - I T )  9 LAMINAR, (H/HFP) 

I F  (1TSIG.EQo 1) WPITE(6,903) 
CALL E Q 4 1 7 1 6 ( ~ T R I G  ,SvQv ICON 
GO TO 2000 

I F  ( I T Q I G e E Q o I )  URI  TE ( 6  9 0 4 )  
CALL E Q C I ~ I ~ ( T R I G V S ~ Q , ~  COW 
GO T O  2 0 3 0  

ZN-LIME GAP UP-STSElM OF JUNCTION, LAHINAR (H/HFP),EQoC-9 
,F ( I T R I C o E Q o l J  WRITE(6 405)  
CALL E Q ~ O ~ ( I T R I G , S , Q ~ I ~ C R )  
GO T O  2000 

C 5 
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R E P O R T  MDC € 1 2 4 8  
JSC 09651 

C I N - L I N E  GAP OWNgSTREAM LAMINAR (H/HFP) 50.4-10 
1 0 6 0  I F  ( I T R I G e E Q e I )  WRITE ( 6  406)  

E A L ~  EQCOIO(ITIIG.S.P,~COL) 
r. 

0 0 2 0 0 0  
'4 

C TRANSVERSE GAP, UPSTREAM, L I N E A R  (H/HFP) 3 (EQ e4-11)  
1 0 7 0  F ( I T R  G EQ. ) WRITE(6. 9 7 )  

€ALL € & l b l i ( h i G .  s.O) 

1OdO KF ( I T R I G  eEQei)  U R I T E b 6 r  f. f a 1  
CALL EQ4013  ( I T R l G ,  S g Q )  - GO T O  2 0 0 0  

iJ 

i I N - L I N E  GAP (H/HE) OOWN, ( EQeL-14)  

1090 EF ( ITR6GmEPe U R I  E ( 6 .  9093 
ALL E ~ o I ~ ~ ~ ~ ? I G P $ . P )  

A GO TO 2030 

1 1 0 0  I F  ( I T R i G e Z 2 ; L I  WRITE (6 ,9101  
CALL EQ4015(ITF?IG,S,G: 

P 
GO TO 2 0 9 0  

E ,. TRANSVERSE GAP,  OOWN, HfHFP, LAMINAR* 3TEST PROGRAR5,iES is-5, 
b 

1 1 1 0  I F ( I T R I G e E Q e 1 ~  H Q I T E ( 6 * 9 1 1 )  
CALL EQl.SOS( I T R I S ,  S,Q) 

P 
GO T O  2300  

b 

C 
e 

TRANSVERSE GAP, DOWN, H IHE ,  N C F f  J S E t f Q e  9 )  
b 

1 1 2 0  I F ( I T R I G e E Q . 1 )  Y R I T E t 6 r  912) 
CALL EQS(ITRIG,SIQ) 

P 
GO TO ZOO4 

t ... I h - L I N E  GAP(tI0HE) ,HCF/ J S C  (€0. i 5 )  
L 

1 1 3 0  I F  ( I T R I G e E Q e I )  WRITE (6 .913 )  
CALL EQ25  ( I T R I G  IS, Q I  

* GO T O  2 0 0 5  

E T,FANSVERSE GAP TURBULENT (CFAT,H=B), 
i l k 0  I F ( I T R I G e E G e 1 )  WRITE (6 ,914)  

~ ~ L + o F ~ J ~ ~  I T R I G s S ,  Q) 

C 
c INFLUENCE OF GAHHA, TQflNSVERSE GAP 

C 
C n HIHFP 9 LONG I N - L I N E  GAP LAMINAR, 

P 
H I H E  9 LONG I N - L I N E  GAP, L A t l I F A F g  

L, 

1 1 7 0  I F ( I T R I G e E O e 1 1  U R I T E ( 6 r  S i t )  
ALL EQ 6 0 2 ( I T R I G r Z , O l  

C 
80 2 6 0 0  

MCOONNELL DOUGLAS ASTRONAUTICS COMPANV - E A S T  
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@ RSI GAP HEATING ANALYSIS - II - VOLUME I 

R E P O R T  MDC €1248 
JSC 09651 

E HIHFPI LONG I N - L I N E  GAP, LAMINAR, GAMMA UP T O  15 ,  510ES A/B €01693 
C, 

I 1 8 0  1FtTTRIG.EQe 1) W I T E ( 6 , 9 l 8 )  
OALL EQl6DJG(  I T R I  t , Z , Q )  

,. GO TO 2 0 0 0  
I* 

E H/HFP, LONG I N - L I N E  GAP, LAMINAR* GAMMA UP TO 15,  S I D E  A (EQ.16-4) 
I; 

1 1 9 0  I F ( I T R I G e E Q m 1 )  WRITE (6 ,919)  
CALL E Q l 6 0 3 4  (ITRIG,Z,Q) 
GO TO 2 D O C  

C 
C H I H E *  LONG I * L I N E  CAP, LBMINAR, GAMMA UP TO I S r S E O E S  A I R  EQ.16-5 
L 

1 2 0 0  I F ( I T S I G m E Q m 1 1  WRITE (6 ,9201 
CALL E Q I b 0 5 6 ( I T R I G ~ Z ~ Q )  
GO TO Z C O O  

C 
c H/HE, LONG I N - L I N E  6AP9 LAMINAR, GAMMA UP T O  I5 ,S IDE A (EQ.16-6) 
C - 

121C I F ( I T R I G e E O e 1 )  WRITE (6 ,9211  

CALL E Q 1 6 0 5 6 ( I T R I  ; ,Z ,Q)  
GO TO 2000  

1 2 2 0  I F  ( I T R I G e E Q m l l  W i I T E ( 6 ~ S 2 2 1  
CALL EQ17123t I T R I G e Z r Y  C1 
GO TO 2 6 0 0  

~ Z J U  Zf i I i E i G e E G . i :  W?ITE16,923) 
CALL EQ17123(ITRIG,Z,Y,Q) 
GO TO 20GD 

1240  IF (ITRIG.EQ.I) WRITE ( € 1  9 2 4 )  
CALL E Q l 7 l Z 3 (  I T R I C ~ Z I V , ~ )  
GO TO 2 0 0 0  

1 2 5 0  CON1 INUE 
1260 GONTINUE 
1 2 7 0  CONTINUE 

C 
C 
C 

203C CONTINUE 
I F I I T R I G e E O . 2 1  GO TO 2010 

C ,. 
L 

I T R I G  = 2 
CRIN  = - (FH'N -SHIN*OFOSA ) / ( S M  N*SHI)O 
B M I N  = ( FMf H - C H I H ~ S M I N m f  P I N )  / g P I N  
GO TO 55  
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VOLUME I 

R E P O R T  htDC E l 2 4 8  
JSC 09651 

9 0 0  FORMAT ( *I USER SUPPLIED PARAMETERS TO GAP HEAT1 NG D I S T R I 0 U T I  ON*) 
9 0 1  FCRM4T(*  HEATING RAT IO  INPUT TABLE'/ I Z f C M )  QRATIO@/ )  
902 FORMAT f *  AVERAGE0 GAP HEATING I N  TRANSVERSE GAP 1C.SCOTT OATAI * )  
90 3 FORMAT ( CORRELATI ON OF TRANSVERSE GAP P F E  1 ( E G * C - 1 7 ) * )  
994 F O R M A T ( +  CORRELATION OF TRANSVERSE CAP :&E& 1~o.1-16 HIHE) 
93 5 FORMAT ( 4  I N - L I N E  GAP,H/HF P, UP-ZT CEAH OF JUNCTION (EQm u - 9 )  4 1 
9 0 6  FORMAT(* I N - L I N E  GAP HIHFP,  OW-STREAM OF JUNCTION (EQm 4 - 1 0 ) * )  
9 0 7  FCRMAT ( +  TRANSVERSE ~ A P  SUP* H I H F P  (EQ*  -ill*) 
908 FORMAT( I N - L I N E  GAP.lJP. H IHE  4 EQ~~-I$I*) 

F ORM A T  
F CRHAT 
FORMAT 
F ORH AT 
f CRMAT 
F CRMAT 

I CN 
t n  p 
GAP 
GAP 

- HIHE ( ~ 0 . 4 - i 4 ) +  
*UP, H I H E  (€0 .  4 - 1 5 ) + )  
SOWN, H /bFP  LAMINAR (EQmiS-S ) * )  

DOWNl H/H! 9 HCG/JSC ( E Q m 9 ) + )  
;HE) H C F I J S C  (EQ.25) @ I  

T U R ~ ~ L E N T  CFHT,M=B (EQ.18) * )  

915 FORMAT TRANSVERSE GAP TURBULENT CFHT* H=8 IEQm18)  4 )  
9 1 6  FORYAT(*  H/HFP* LONG I N -  I N E  GAP, AHINAR GAHHAzO ( Qm 6- 1' )  
9 1 7  FORMAT ( *  HIHE. LONG I~LLE GAP, L~MIHAR. t ~ M w w  ( E l i .  i f  -h 
918 FORMAT(. H/HFP,LONG I N - L I K E  GAP,LAHINAR,GAHMA=UP TO 15, S IDES A/B 

1 (EQ.16-3) * )  
919 FORYAT(+ H/HFP* LONG I N - L I N E  GAP, LAHINARIGAHHA UP TO 1 5 ,  SIOE A 

1 (EQm16-4)+)  
920 FORHAT(* H / H E I  LONG I N - L I h E  GAF, LAMINAR,GAMHA UP TO 15, S IDES A/B 

1 (EQm 6 - 5 ) * )  
9 2 1  FORMAT(* H/HEw LONG I N - L I N E  G4P1 LAYIYAE~GAMMA UP TO 1 5 ,  S I O E  A 

1 (EQm16-614)  
922 FORYAT ( '  TRANSVERSE STEP, LAMINAR FLOW*) 
323 FORMAT ( +  TRANSIERSE STEP, TRANSITION + )  
9 2 4  F CRYAT +TRANS'iEF?SE STEP 9 LTURBULENT 
9 5 0  FGRHAT ( I 4 9  2FlOm 5 )  
9 5 2  FOR'IAT ( *  COMPVTZD HEATING D I S T R I B U T I O N  GAP WIDTH=+F8 m3 CM*/ 
I* I Z(CKb Q QRATIO*)  

9 5 4  FOR' iAT(1413F10.5~ 
EN0 

C8 
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I I VOLUME I 

R E P O R T  MDC El248 
JSC 09651 

C 
SUOPOUTINE CSCOTTI IR ISCH~QR)  

E GAP HEATING O I S T R I B U T I O F  DATA FROM CARL SCOTT --_- FOR GAP WID1 H  = 0  a10 INCH 

C  ,. W Q R E F  = F(S,EOGE RAO) (OIHENSIONS ARE I N  INCHES) 

OIHENSION SCOTTS(18 2 )  9SCOTTQ 
OIPENS ON SO ( 2 )  , C S ~  ( 2 )  r C S 2  (2 
O A T A  A O T F  I 18  I 
OATA SCOTTS / -1OOm0, -0.26, 

i - o . o ~ ~  0.0 0.061 O I ~ O .  o 
2 i o . o , i o ~ . Q  
3 -10c.0 -0.30, -0.21; -0. 
4 0.06 b.10 0 .15  0.30 o 

D A T A  S C O ~  / 6.93, 6 0 9 3  8.9 

; 5.96, 0.80, 0.489 0.56, 0  
0.959 0.95, 0.96, 0.97, C 

3 0.90, 0 1 8 0  0.55, 0.45, 0  
OATA CSG / 3.9g5, 0.975 / 
OATA C S i  / 0 . 0 3 5 ~  0.025 / 
DATA CS2 / 0.06, 0 .30  / 
OATA CS3 / 2.88, 2.575 / 
S = SCH/2o54 
I F  Q S ~ L T ~ S C O T I S ~ 2 , I R I )  GO TO 1 
ChLL TBLU(IOUM,lMEH~ISCOTT~S, 
GO T O  1 5 7  

6 QR = CSO ( 1 R ) - C S i  ( I R ) @ C O S ( P I e (  
7  OONTINUE 

RE TURN 
EN0 

C9 
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VOLUME I 

R E P O R T  MDC E 1 2 4 H  
Jsc 09451 

SUBROUTINE E Q C 1 7 1 6 ( I T R I  G,S,QR, ICORRl 

GAP HEATING O I S T S I S U T I O h  US ING EQCATIONS 4-17  AND 4 - 1 6  

C ICORR = 39 EQUATION 4 - 1 7  
C 
r 

ICORR = 4 1 EQUATION 4 - 1 6  
C, 

COMMON / COMGAP / ARGL ( 2 5 )  ~ S M I N ~ F C I N , O F C S A ~ S H A X , F M A X ~ O f  050 
OIMENSION C ( 5 )  
EQUIVALENCE ( A R G L t S ) , E ) , ( A R G L ( 7 ) r n ) r ( A R G L ( 2 1 J ~ T )  
DIMENSION X E ( 4 l  ,XSMAXI4) ,XSNI N ( 4 )  
OATA XE / 0.157489 0.318 0.635 1.270 / 
OAT4 XSMIN / 0 e 4 0 0 r  0.546, 0.816, 1 .350  / 
OATA XSMAX / 0.900, 1.050, 1.850, 3.000 / 
OAT4 IS / 4 / 

11 FCRMAT ( 6 x 9  12HCOEFFICIENTS 2x9 % l O e  5/6X, 1OHSMINr QRMIN,4X,2FiOe 5/  
1 6 x 9  lOHSHAX,ORMAX~4X ,2110. 5 )  

e 1 2  FORYAT(6X,SHCMIN,BMIN,5X,  2 P i O e 5 1  

L 
C 
C ----- I N I T I A L I  Z E  

I F  ( ITR IGmGEoZ)  GO TO 1 0 0  

; ----- 
n 

CONST ANTS FOR EOUIT ION 4-17 

----- CONSTANTS F3R EOUAT I O N  4 - 1 6  
L 

2 0  CONTINUE 

OETERHINE VALU S A T  S EXTREMES O f  CORRELATION ----- f INTERPOLA E TO OBTAIK SHAX AKO S M I N  = F : E )  
CI 

40 CONTINUE 
lHEM = 2 
CALL 1 BLU(?CUMr IHEM,IS, E~XE,SHAX,XSMAXl 
CALL  TOLU ( IOUH IME!l,IS, €9 XEqSMIN, X S W )  
O R M A X  = O R F ( C ~ ~ H A X )  
ALNQSMX = ALOG(ORMAX) 
OALNOS = 2 .O*(T- f  YAV)+ALOG(O. 10) 
OFOSB = OALNOS 
----* COEFFICIENTS FOR CORRELATION 

AT OM EN OF I? ES 
C M A T ~ H I N G  SFOS EY L r w  
l, 

OFOSA = C ( 2 ) + 3 e O * C ( 3 ) C S M I N * S M I N ~ 2 e O * C ( 4 ) / ( S ~ I N 4 * 3 ) + C ~ 5 ) / ~ ~ I ~  
F C I N  = ALOG(QRH1N) 

,. GO TO 160 

z - DETERMINE GAP HEAT 1 NG R A T I O  
b 

1 0 0  CONTINUE 
,- 

OR = ORF(C,S) 

8 
f i  

----- OlLNQS = SLOPE OF 1 CYCLE PER 0.5 CH FROM SMAY TO 1 
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R E P O R T  M D C  E l 2 4 8  
JSC 09651 

F 
F U N C T I O N  ORF(C,  S) 

E CORRELATION E X P R E S S I O N  TO E Q U A T I O N S  4-17 AND 4-16 
- 

G I H  N S I O N  C ( 1 )  
x L N h  = C ( f )  + C ( Z )  * S + C ( 3 ) * S * S ~ S + C t G ) l  ( S 4 S ) + C t 5 ) b A L O G ( S l  
ORF = E X P ( X L N Q R 1  
RE TURN 
EN0 

S U e R G J T I N E  TBLU ( I D U H , I r  X T , X ~ X T A 8 ~ Y ~ Y T A B )  
C 
E ONE D I M E N S I O N A L  TABLE L  OOKUP UX TH A  MEMORY 

D I H E N S I C N  X T A B ( 1 )  r Y T A B ( 1 )  
F I N O  SRACKET 
I F ( X , L T  , X T A B ( I T - 1 )  ) GI) TO 9 
I = I T  
GO TO 3 5  
I F ( X T A B ( 1 ) e G l . X )  GO TO 20 

CONTINU€ 
I D E S I G N A T E S  THE XTAB P O I K T  TCi THE R I G H T  
A B t ( X - X T A B ( X )  ) / ( X T A B ( I - i B - X ~ A E ~ f . ? ) )  
Y = A 9 + Y T A B ( I - t ) + ( l . O - A B I * V T A 9 ~ I i  
RETURN 

C 1 3  
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VOLUME I 

R E P O R T  MDC E l 2 4 8  
JSC 09651 

SUBPOUTINE EQCD9( I T R I G *  Sv 0 )  

( /QFP I  I N - L I N E  GAP* UPSTREAM OF INTERSECTION. LAIIN~~kmCH~ISTENfEI 75 

C E = EOGE RADIUS ( C M )  
c w = GAP WIDTH acn) 
5 5 = SURFACE OISTANCE I N T O  GAP (CM) 
C; 

COMMON /COWCAP/ A R ~ t ( 2 5 )  S R I N ~ F ~ I N ~ O F O S A ~ S M A X ~ F M A X ~ D F O S ~  
EOUIVALENCE (ARGL(S).E), ( A Q G C ( 7 l r N )  
DIHENSICN C I S )  

n 
I F ( I T R I G e G E m 2 )  GO TO 1 0 0  

8 -- --- .. CONSTANTS FOR EQU4TICN 4-9 

L 
S H I N  = 5 H I N F t E )  
SMAX = SHAXF(E) 

RE TURN 

FUNCTION S M A X F  ( E l  
C 
C MAX. SURFPCE DISTANCE FOR INSTRUMENTATION I N  C. SCOTT TESTS c - 

OIHENSION X f  ( 4 )  KSYAX14)  
OATA XE 4 0 .60254 r  O * 3 1 8 r  0 * € 3 5 r  1 .270 /  
D A T A  X S H A X  I 0.900 . 1.050 ,  1 .m. 3.000 
04TA IS , IMEH / 4 1 2 /  

CALL TBLU(  IOUH, INEM, IS*E*xE,AB r XSMAx) 
S Y A X  = 158 

F U N C T I O N  S M I N F t  E l  
C 
E WIN. SURFACE D I S f 4 N C E  FOR INSTRUMENTATION I N  C-SCOTT TESTS 

D MENSION X E ( 4 )  Y M I N ( 4 )  
O ~ T A  XE I I J . D O ~ ~ .  0 . 3 1 8 .  0 . f 3 t r  i m t 7 O l  
O A Y A  XSMIN / 0 . 4 0 0  r 0 . 5 4 0  r O m 0 1 0 ~  1 . 3 5 0 /  
D A T A  xs* InEn  14.21 
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C 
FUNCTION QRFCO9 (Cv S )  

CORRELAI IO h FUNCTION 4-9 
D I K N S I O N  C ( 1 )  
6LNS = ALOG(S) 
XLNOR = C ( 1 )  t ( C t 2 )  t C ( 3 1 * S ) * S  t ( C ( 4 )  t C(S )+ALNS) *ALNS 
QRFCD9 = EXP(XLNQR) 
SETUQN 
END 

SUBQOUTINE EQCOIG t  I T R I G  ISIO) 

I Y - L I N E  G A P *  OOWNSTREAM OF INTERSECT IONILAMINAR,  (Q/  F P )  
HOE. C H d T E N s E N  15 

€ = E D G E  RADIUS ( H)  
w = G w  mm (En, 
S= SURFACE OISTA ICE I N T O  CAPl"M) 

COHHON/COMGAP/ ASGL (25  1  WSMXN. FMLN IOFOSA *SHAX*FHAX*DFOSB 
EQUIVALENCE ( A R G L ( S ) r t ) r ( A R G L ( 7 ) r W )  
DIWENSICN C ( 5 I  
I F ( I T R I G . G E . 2 )  GO T O  1 0 0  

.-..- CONSTANTS FOR EQUATIOk 4-10 

----- INTERPLETE TO OBTAIN SHIN  AND SHAK 

S H I N  = S H I N F t E )  
SHAX = SMAXFtE) 

SE TURN 

100 'I = Q S F 4 0 1 0 ( C I S )  
RETURN 

FUNCTIOh ORFCOIC (CIS) 
OIHENSICN C ( 1 )  
X C W R  = C(1r + ( C ( 2 )  *C( J ) *S 'S@'S  4 C ( 6 ) / ( S e S )  +  C ( S ) * ( ( A L O G ( S 1 ) * 2 )  
QRFCOiO = fXP(XLNQR1 
RE TURN 

M C D O N N C L L  D O U G L A S  ASTRONAUTICS  C O M P A N Y  - L A S l  
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C 
SUBROUTINE E Q 4 0 1 1 I I T R I G ~ S ~ Q I  

E TRbNSVEP'X GAP UP-STREAM MALL* L A M 1  MARI (Q/QFP) 
H.EeCHRISTENSEN 

C E = EOGE RAOPUS ( M )  
C W = GAP YIDTH ( E M )  
C n S I S U R F F E  DISTANCE I N T O  GAP ( C F P  
L# 

COMWON / COMGhP/ ARCL ( 2 5 )  rSMT N,FMIN,  DFDSA*SMflXr FMAXr DFOSB 
EQUIVALENCE (ARGL ( 5 )  ,El 9 ( A R 6  ( 7 ) 9 M 1  
D I M E N S I C N  C ( 3 )  

d ----- ,. CONSTANTS FOR EQUATICN 4 - 1  1 

QRMAX = ORF4011 (C ISMAX 
FHAX = ALOG(QRMAX) 
S M I N  = S Y I N F t E I  

FUN T I O N  Q R F 4 0 1 1 ( C *  3 )  
D I & ~ ~ I C N  c w  
A0 = ALOGtS)  
XLNQR = C C I ) + ( C ( 2 1  t C ( 3  : * A 8 ) * A B  

M C D O H N C L L  DOUGLAS ASTROAIAUTOCS COMPANV - E A S T  - . .  , 
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C 
SUBROUTINE EQ4013 ( I T R I  G r S r 0 )  

F. Th -L INE  GAP. UPSTREAM Of INTERSECTIONr  LAMINAR*  (Q/OE)  

COMMON /COMGPP/ ASGL(25  1 ,SMINrF  P I N *  O F O S A ~ S M A X ~ F H A X ~ O F O S e  
EQUIVALENCE (ARGL(S) .E) r  ( A R " L ( 7 l r Y )  
OIMENSION C ( 6 1  

----- CONSTANTS FOR €QUA I I O N  4.-.13 

l 4  

c 
SMIN  = S H I N F I E )  
SUAX = SMAXF(E) 
QR#IN= Q R F I O l J ( C ,  S M I N )  
FHXN = ALOG(PRll1N) 
Q R H A X  = QRF4013(C S M A X )  
F M A X  = A L O G ~ R M A X ~  
qFOSA= C ( 2 ) t  2.0*C ( 3 ) * S H I N  + 3.O+C : b ) + S H I N o S M f N  - C ( S ) /  I S M I N + S H I h )  

1 - 2 . 0 C C ( 6 ) / ( S H I N * e 3 )  
OFUS8r C ( 2 ) + 2  B*C t 3 ) * S M A X  + 3.O*C(C)*SMAX*SHAX - C ( 5 )  /(SMAX+SHAKP 

,. i - 2 .  C + C I ~ ) / ( S Y A X * ~ J I  
L 

m 
RETURN 

- 1 0 0  Q = Q Q F 4 0 1 3 t C r S )  
RE TURN 
E V O  

C C Q R R L L & + i 3 N  FUNCTION 4 - 1 3  
9 I M E N S I C N  C ( 1 1  
XLNQQ= C ( I ) t ( C ( Z ) t ( C l i 3 ) t C ( 4 1 * S I * S ! * S  + ( C ( 5 ) *  C ( 6 ! / S I / S  
QSF4013 = EXP (XLNOR) 
RE TURN 

C 1 5  

. - -  MC&O?NNEL_L 0y*JGLAC - ASTRONAUTICS - - -  . COMPANV - E A S T  - - . -  3 9 -  - 
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SUBROUTINE EQSOl41  I T R I G  9 S . Q )  

I k w L I N E  GAP* OOWNSTSEAH OF INTEaSECT ION,  LAM?:lARr ( Q / Q E )  

CCIMHON/COIICAP/ ASGL (25 ) , S H I N  FllINq OFOSA ISMAX, FHAX tOFOS8 
EQUIVALENCE ( 4 R G L ( S ) r E ) r  ( A R ~ L ( ~ ) ~ w )  
D I  YENS1 ON C ( 5  1 

----- CONSTANTS 

SHIN = S H I N F I E )  
S M A K  = SHAXF(E)  

QE TUQN 

1 3 0  Q = Q R F 4 D l % ( C v S )  
RE TURN 

F U N C T I O N  QRFCDIO(C IS )  
C CCRRELbTXON FUNCTION 4-14 

D IPENSICN ? ( I )  
XLNQR = C ( 1 )  + ( C ( 2 )  + C ( 3 ) * S + S ) * S  t C ( 4 ! / S  4 C ( S ) * A L O G ( S I  
QRFSDl4 = EXP(XLNGt1  
HE TURN 
END 

C16 

MCOONNCLL DOUGLAS ASTRONAUTICS COMPANY - EAST 
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n SUBROUT I N €  EQ4015 ( I T R I G r S , Q )  
C, 

C TRANSVERSE GAP (UP-STREAM S IDE)  I LAMINARI (O/UEl 
b 

COMMON /COMGAP/ ARGL(25 ) rSMIN ,FP IN  OFOSA,SMAX,FMAX,DFOS8 
EQUIVALENCE ( A R G L ( S ) , E ) ,  (ARGL(T)J 

n 
UIMENSXON C t 3 1  

s ----- CONSTANTS 

L 
SHIN  = SMINF(E1 
W A X  = SMAKF(EI 

C 
QRHIN= Q R F I O l S (  C,SHIN) 
F H I N  = ALOGCQRMIN) 
3QHAX= QRF4015 (Cr  SMAK) 
FHAX = ALOG(QRW6X) 
OFDSA = C ( 2 )  + C ( 3 ) / S H I k  

r. 
DFDSB = C 1 2 )  + C ( 3 ) / S H A X  

b 
RETURN 

FUNCTION QRF4015(C I S) 
CORRELATION FUNCTION 4-15 

D I H E N S I  CN C ( 1 )  
XLNQR = C ( 1 l  + C ( Z ) + S  + C ( 3 ) * A L C C ( S )  
QRFCD15 = EXPtXLNQR) 
RE TU 2N 
END 

MCOONNELL DOUGLAS ASTRONAUTlCS COMPANV - E A S T  
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.. SUBROUT I N €  EQISCS ( I T S I G  , Z , Q )  
L 

c iRANSVERSE GAP, DOHNSTR fAP WALL (LAHINAR)  (H/HFP) (EQ 5-15) 
L 

COMYON /COHG4P/ ARGL(25 )  9 Z H I N r F P I N  OFOZA, ZMAX FHAX, O f  DZ3 
EQUIVALENCE ( A R G L ( 5 ) r E )  r ( A R G L ( T ) ,  Wft (ARGL(8) .  ( A R G L ( ~ ~ ) v R E P M )  
DIMENSICN C ( 4 )  

r. 
RE = REFM/ ( l *OE+3b )  

I, 
E F ( I T S I G * G E e 2 )  GO TO 1 0 0  

C 
C --.-- CONSTANTS FOR EQ. 15-5 
C 

rrw = 
znax = 
WRITEtb ,  
QRMAX = 
WRITE ( 6  
F M 4 X  = 

RETURN 

ORF1505 1C ZHAX) 
9 m  ZMAX,E,QRHA Y 
ALOG (QRPAX 1 

- 
1 0 0  Q = QRF1505 (CsZ)  

RETURN 
984 FORMAT ( *  ZMAX,C,PRMk k + / 8 E l 3 * 3  

EN 0 

FUNCTION Q R F 1 5 0 5 t C  
c E A ~ ~ A T I ~ N  FUNCTION 15-5 

OIMENSI  CN C ( i )  
KLNQR = C ( 1 )  + ( C ( 2 ) + I C  ( 3 ) + C ( 4 ) * Z ) * Z E + Z  
QRFiSD5 = EXP(ZLNQQ) 
RE TURN 
EN0 

SUBROUTINE EQ9( ITQIG,Z 9 0 )  

E TSANSVEPSE GAP, LAMINA? (EQ91  HCF TESTS AT JSC 
b 

COMMON/COMGAP/ AQGL(25)  9 Z M I N q F R I k  'uIFOZA,tMAX,FHAX,OFOZB 
EQUIVALENCE (ARGL ( 7 1 r H )  9 ( A R S L ( B I  s t )  
OIMENSION C 1 3 )  

C 
RE TURN 

MCWONNELL DOUGLAS ASTRONAUTICS COMPANY E A S T  
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FUNCTICN QRF9(C,Z) 
C C O R R E L A T I O N  EQUATION 9 

OIKENSICN C f i J  
XLNQR = C ( 1 )  + t C ( 2 )  + C ( J ) * Z ) * Z  
QRF9 = EXP(XLNQR) 
RETURN 
EN 0 

SUBROUTINE EQ25 ( I T R I G r Z  rQ) 
C 
C I N - L I N E  GAP, HCF TESTED AT JSC ( H / H F P ) r  LAMINAR 
I; 

OHMON/ COMGAP/ AS L ( 2  ) ZHIN,FMINIOFOZAI Z!lAX*FHAXvDFDZB 
EQUI~IL~NE t m ~ L ( L . * 5  
DIMENSION C ( 3 )  

P 
RE TURN 

b 

1 0 0  Q = E x P (  C ( 1 )  + ( C ( 2 )  + C ( 3 1 * Z ) * Z )  
RE TURN 
E NO 

t. 
SUBROUTINE E Q l 8  (ITRTGIZIQ J 

b 

E TRANSVERSE GAP (CFHT M = l Q ,  VOT M=8) TURBULENT FLOW (EQ.18) 
b 

COMMON/COHGAP/ AS GL (25  ZMIN FMIN OFDZA ZHAX, FHAX ,OFOZB 
EQUIVALENCE (ARGL ( 7). w f ( A & G L ( ~ ~ ,  T W ~ T E )  IARGLIIC) ~ R E P N )  

n 13TWNSION C ( 3 1  

EF(ITQIG.GE.2) GO TO 0 0  
C ----- 
,- CONSTANTS F3R ~ d t J A T f 0 h  1 8  

~ ( 3 )  =-2.549 
C 
.. RE TURN 
b 

1 0 0  Q = E X P ( C ( 1 )  +C;(2)*4LOG(Z) + C(?)eALOG(TWOTE))  
RF TURN 

SUBQOUTINE EQIZA(TSIGIZ ,Y,01 
C 
C INFLUENCE OF FLOW ANGLE 3N TRAhSVERSE GAP HEAT (TUSB 1, (H /HFPI  
L 

COMMON /COHGAP/ ARGL( 2 5 )  I N I N  F f l I N  DFOZA,ZHAX,FMAX,OFOZB 
EQUIVALENCE (ARGL(7)  ,Y 1 ,  I A R ~ L ~  € l & f  

C 
IF ( ITR IG .GE.2 )  GO TO 1 0 0  

C 
C ----- C3NSTANTS 

P 
RE TURN 

b 
1 0 0  Q = EXP (C -3  714*1! +OuBO432*Z*Z -0.00692*YeY 4.0 0 0  4316+Y+W 

1 + 0 . i t 6 8 * Y + t  + 0 .00235+Y+Y+Z)  
RE TURN 
EN 0 C19 

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY - E A S T  
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CCWMON /COMGAP/ ARGL ( 2 5 )  ZMIN FCIK OFOZP ZHAX F M A X  DFOZB 
BQUIVALENCE (ARGLI?) Y )  ( A R G L ~ B )  TI, ( A R ~ L ( ~ o ~ , G A ~ L ) ,  

,. 1 (ARGC(15l .SHE+A), ( A S G L ~ ~ ~ )  93THU) 
C, 

01 MENSI ON C ( 5 )  
C 

IFITRIGeGEe2) GO T O  103 
C 
C -- --- CONSTANTS 
C 

C( 1) = Oe70912 t o e  13155*ALOG(') + le13b75*ALOt(W) *Oel3345*ALOG(G CPF 
1 L I 

C(2 )  =-la2942 -1.13475 -0.077282((ALOG(W))+*2) 
C(31 =- a52376 
~ ( 4 )  = l e a 6 7 1  
C(5 )  = -Ob i835 

C 
C 

Z M I N  = 0.04 
ZHAX = 3.5 
Q R M I N  = ORFl6D1 (GI ZMIN) 

n F H I N  = 8LOGIQRHINl 
b 

QRHAX = QRF1601 (C, Z M A X )  
P 

FHAX = IILOG(QRCAX) 

1 0 0  Q = ORF1601(C,ZI 
RE TURN 

b 
DIHENSICN C ( 1 )  
COMMON /CONGAP/ ARGLI25), ZHIN,FMIN,OFOZA,ZMAX, FHAX*OFi)ZB 
EQUIVALENCE (ARGLI l5 )  9 THETA) 9 (A f iGL (16 )~DTHK)  
AB = ALOG( Z )  
XLNQR = C ( f )  + ( C ( 2 ) t C  ( 3 )  *AB)*bB t C(4l*ALOG(THETA) t C(S)*ALOG( 

1 DTH(0 
ORF16Ol=ExP( XLNQR) 
RETURN 
EN0 

c20 
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SUBROUTINE EQl602  (1 TRIG,Z,Q) 

HIHE3 LONG I N - L I N E  GAP, LAMINAR,GAMMA=O ( E Q I S - 2 )  

COMMON /COMGAP/ ARGL(25),ZMIN,FBIN OFOZA ZHAX FHAX OFOZE 
EQUIVALENCE (ARGL(7) HI (ARCL(II),~) ( ~ & G l . ( l b l r  G ~ P F L ) ~  

1 (ARGL(15) ~ ~ H E ! A ) ,  (ARGL ( ~ ~ ! , o T H K )  

----- CONS TAN1 S 

-- - -  - 
0 1  HENS1 0'. C 1 2 )  
COMHON/COHGAP/ ARGL (25  1 ,ZMIN FMIN~OFOZA ZHAXIFMAK ,OFOZB 
EQUIVAL ENCE ( A S G L ~ I ~ )  JHEIA) , ~ A R G L  ( i t )  ,OTHK) 
AB = ALOG(Z1 
XLNQR = C(1)  t C(2 )+AB t C(3)*ALOG(THETA) + C ( L ) * A L O C ( O T H K )  

1 + C (5)*AB*AB+AB 
PRF1602 = EXP(XLNQR) 
RETURN 

MCDOUIC.ELL DOUGLAS ASTROUAUTlCS COMPANV - E A S T  
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SUBROUTIl iE E Q 1 6 0 3 4  ( I T S 1  G , Z * Q 1  
C 
C 
E H/HFf ,  I h - L I N E  GAP* LAMINAR 9 GANHA UP T O  1 5  
E ICOQ = i e --- €9, 16-3, SIDE A ANO 0 
C I C O R  = 19 --- EQm 1 6 4 ,  SIM A 

C ----- 
#- 

CONSTANTS FOR EQm 16-3 

L 
E ----- CONSTANTS FOR EOm 1 6 - 4  

b 
20 ZMIN = 0 . 0 4  

Z M A X  = 3.8 
f l R H I N =  Q R 1 6 0 3 4 ( C m Z M I N )  
F M I N  = A L O G ~ Q R M X ~ ~ I  
O R M A Y =  O R 1 6 0 3 4 ( C ,  Z K A X I  
FMAX = ALOG(QRHAX) 

C 

CI 

#- 
RE T URN 

b 
1 0 0  0 = Q R 1 € 0 3 4 ( C v Z )  

RETURN 
€NO 

FUNCTION OR16034  ( C , Z )  
C 

EQ.16-3 AND € 3 . 1 6 - 4  

C22 

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY - E A S T  



RSI GAP HEATING ANALYSIS - II 
VOLUME I 

R E P O R T  MDC El248 
JSC 09651 

SU090Uf I N E  €Pi6056 ( I T S I G , Z , Q )  

HIHE, I N - L I N E  GAP, LAMIhAR, GAMMA Up TO I5 

ICOR 2 0  --- EQ. 1 6 - 5  CIO s A AND 13 
ICOR = 21 --- €0. 16-6 SIDE A 

EQUIVALENCE (ARGL( 3 ) .  COR 1 ( A R G L ( 7 I  W f 1 ,  ( A R G L ( I 5 '  9 THETA) 
I , (ARGL( 61.G HHil 1 ,  ( A R G L ~ I ~ ~ , R E P N )  

-- --- CONSTANTS FOR EQs 16-5 

GO T O  2 6  ---_- CONSTANTS FOR EQ. 16-6 

P FUNCTION OR16056 ( C v  Z )  
c" ORRELATION EQUATIONS 16-5  AND 16-6 

Fo = m m n  
ALNQR 1 c ( ~ ~ + ( c ( z I + c ( ~ ~  + & B ~ A B ~ ~ P R  
Q R l o 0 5 6  = E X P i  ALNQR) 
RE TURN 

M C O O N N C L L  DOUGLAS ASTRONAUrlCS COMPANY - L A S T  
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3 U B R O U T I N E  E 0 1 7 1 2 3 ( I T Q T G r Z r Y r Q )  
C 
C 
P 

T R A N S V E R S E  GAP M I T H  F O R W A R O  F A C I N G  S T E P  (DOWN ST R E A H  W A L L I  
I, 

C I C O R  = 2 1  L A M I N A R  E Q *  1 7 - 1  
C  LiCOR = 22  T R A N S I T I O N  EQ. 17.2 
C  I C O R  = 2 3  T U R B U L E N T  EQ* 4 7 - 3  

E Q U I V A L E N C E  ( A R G L  I 7 )  r W ) , ( A R G L ( ¶ ) ,  0 1 ,  
1 ( A R G L  ( I) I B L )  

C 0 = STEP H E I G H T  ( C H I  
E W = GAP M I D T H  (CM) 
1, 

O I k L N S I O F  C ( 3 )  
C 

I F  ( I T R I G  ,GE.Z)  GO T O  1 0 0  
C 

I F ( I B L e N E * I )  G O  T O  1 0  
C 
G ----- L A M I N A R  FLOW C O N S T A N T S  

l o  IF(IBL;NE. 2 )  G O  T O  2 0  
C ----- T R A V S I T I O N A L  FLOW C O N S T A N T S  

C ----- 
P 

T U R B U L t N T  F L O W  C O Y S T A N T S  

7HAY = 3 . 8  
QNAX = Q R I ~ I Z ~ ( C I Z M A X )  

P 
F H A X  = A L O G t Q M A X )  

1 0 0  P = Q R l ? 1 2 3 ( C s t )  
R E  T U R N  
END 

Lt 
D I M E N S I O N  C ( 3 1  
QR 7 2 3  = E X P ( C ( 1 )  t ( ? ( Z ) t C  3 I * z ) * Z )  ar hi. 

M C . D O N N t  L L 0 O O C . L  A 4  A S T R O & A t / T I C S  C O M P A N Y  - 1 A S T  
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APPENDIX D 
The u n i t s  used i n  t h i s  volume a r e  S I  Units ,  except Sect ion 2 where the  raw 

d a t a  presented was i n  English Units. Conversion f a c t o r s  required f o r  i z~ ir :  used 

he re in  a r e  given i n  the  following t ab le :  

Physical  quan t i ty  

Convective Leating Rate 

Convective Heat Trans fe r  Coef- 
f i c i e n t  Based on Taw/Tt = 0.895 

En thalpy 

Heat Transfer  Coef f i c i en t  

L m g  t h  

Lengrh 

?;essure 

Pressure  

Pressure  

Reynolds Number 

(RHO V)1 Freestream Density - 
Velocity Product 

Temperature 

pempe r a t  ure 
I 

11. s . 
Customary Unit 

i n .  

f t .  

l b f / f t 2  

l b f / f t 2  

l b f / f t  2 

Re/ f t 
2 lbm/ f t -sec 

Conversion 
f a c t o r  
(*) 

- 
SI  Unit 

*Multiply value i n  U.S. Customary Unit by conversion f a c t o r  t o  ob ta in  equ iva len t  

value i n  S I  Unit.  

D-1 
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