
N A S A  T E C H N I C A L  
b M E M O R A N D U M  

.' 

NASA TM X-52897 

EXPERIMENTAL HEAT TRANSFER AND FLOW RESULTS FROM AN 
AIR-COOLED PLUG NOZZLE SYSTEM 

by John S. Clark, Edwin J. Graber and David M. Straight 
Lewis Research Center 
Cleveland, Ohio 
September, 1970 



This information i s  being published in prelimi- 
nary form in order to expedite its early release, 



ABSTRACT 

h 

An a i r -coo led  plug-type nozzle system was b u i l t  and tes ted  on an 
af terburn ing tu rbo je t  engine. Three and one-half percent o f  the  engine 
primary a i r f l ow ,  taken from the compressor discharge por ts ,  was used t o  
cool the p lug  and support ing s t ru ts ,  Exhaust gas temperatures up t o  3350' R 
(1860 K) were successful ly run. Ext rapolat ion o f  the w a l l  temperature 
data t o  the average design hot  gas temperature o f  3500' R (1945 K) ind icated 
tha t  maximum w a l l  temperatures could be maintained below about 2040° R 
(1133 K). 
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SUMPIARY 

An a i r -coo led  plug-type nozzle system was b u i l t  and tested on an 
a f te rburn ing  tu rbo je t  engine, Three dnd one-half percent o f  the engine 
primary a i r f l o w ,  taken from the compressor discharge por ts ,  was used t o  
convect ively cool the p lug and support ing s t ru ts .  Nickel  f i n s  were 
brazed onto the ins ide  surface o f  the p lug and s t r u t s  t o  increase the 
heat t rans fer  area t o  the coolant. 
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Exhaust gas temperatures as h igg  as 3350' R (1860 K) were success- 
f u l l y  runo The design po in t  o f  3500 R (1945 K) was not run, however, 
i n  order t o  maintain nozzle i n te rna l  seal temperatures below about 
1460' R (811 K). 
design po in t  ind icated t h a t  maximum w a l l  temperatures could be maintained 
below about 2040° R (1  133 K). 
cooler reg ion i n  the center which eased the p lug  cool ing a i r  requirement. 

Ext rapolat ion o f  the wa l l  temperature data t o  the 

The af terburner  temperature p r o f i l e  had a 

I NTRODUCT I ON 

The Lewis Research Center has i n i t i a t e d  a laboratory and f l i g h t  
research program t o  determine the appl icabi  1 i t y  o f  a broad spectrum o f  
a i rb rea th ing  engine nozzles t o  subsonic and supersonic f l i g h t .  One o f  
the more promising o f  these nozzles i s  the p lug nozzle, The p lug nozzle, 
i n  a d d i t i o n  t o  e x h i b i t i n g  high performance cha rac te r i s t i cs  a t  both design 
and off-design condi t ions (refs, 1, 2, 3), has other advantages inc lud ing 
lower noise levels, 

Since the p lug i s  surrounded by ho t  exhaust gases coo l ing  i s  requi red 
dur ing af terburning. 
NASA-Lewis Research Center, ineos,cs,a:lng para1 l e t  f low convective cool ing, 
This system wac designed t o  maintain p lug w a l l  temperatures below 2200' R 
(1220 K) when subjected t o  3500' R (1945 K) exhaust gases us ing 3& o f  the 
engine primary a i r  taken from the compressor discharge as the p lug coolant. 
Since cyc le  e f f i c i e n c y  i s  reduced when a i r  i s  taken from the cycle, 
es tab l i sh ing  the ac tua l  cool ing requirements o f  the p lug becomes important, 

A plug nozzle cool ing system was designed a t  the 

I n  order t o  determine whether or  no t  the coo l ing  design c r i t e r i a  were 
s a t i s f i e d ,  a f u l l - s c a l e  a i r -coo led  pity Pozzle was b u i l t  and tested i n  the 
Propuls ion Systems Laboratory (PSL) a l t i t u d e  chamber o f  the Lewis Research 
Center. The nozzle was i n s t a l l e d  on a J-85 a f te rburn ing  tu rbo je t  engine, 
The J-85 engine was selected for t h i s  study because the hot  gas temperatures - 
up t o  3 6 0 0 ~  R (2000 K) - a re  w i t h i n  the range o f  those expected i n  fu tu re  
supersonic a i r c r a f t  engines. 



The nozzle throat  area must be var ied  w i t h  the leve l  o f  a f terburn ing,  
and t o  achieve maximum th rus t  performance secondary shroud lengths must 
be va r ied  wi th nozzle pressure r a t i o ,  
several f ixed primary and secondary shrouds were tested. 
ca t ion  both shtrouds would be moveable, the secondary shroud would t rans- 
l a t e  a x i a l l y  and the primary shroud would be an i r i s  type Configuration, 
The e f f e c t  o f  the r e s u l t i n g  geometries on the p lug  temperature d i s t r i b u t i o n  
i s  discussed i n  t h i s  repor t .  

To cover these requi red ranges? 
I n  ac tua l  a p p l i -  

The nozzle was tested over the fo l low ing  range o f  condi t ions,  
(Symbols are def ined i n  Appendix A) :  

1. Exhaust gas t o t a l  pressure, P8 1 t o  3 atmos, 

2. Exhaust gas t o t a l  temperature, T8 1000° - 3350' R (1860 K) 

3 0  Nozzle pressure r a t i o ,  P8/P0 2 t o  100 

4. Plug coolant f low ra te ,  % o f  primary 2 t o  5 

5. Throat areas 115 in2  (742 cm2) 
140 in2 (903 cm2i 
175 in2 (1130 cm ) 

6, Secondary shroud lengths, 1 4 in, (10.1 cm) 
15 in,  (38,l cm) 

70 Engine f low r a t e  20 lbm/sec (gO07 kg/sec) t o  
50 lbm/sec (22,68 kg/sec) 

A ser ies o f  tes ts  were run using f a c i l i t y  coo l ing  a i r  and a ser ies 
o f  t es ts  were run i n  which the coo l ing  a i r  was obtained from the engine 
compressor discharge ports.  

The e f fec t  o f  these parameters on p lug w a l l  temperature d i s t r i b u t i o n s  
a r e  a l s o  presented i n  t h i s  repor t ,  

APPARATUS 

Plug Nozzle 

Geometries tested, 
10' hal f -angle conical  p 
p lug  was attached t o  the 
the primary nozzle, The 
and the  secondary shroud 
the  p lug were e l l i p t i c a l  
and 2 -5  inches (6,3 cm); 
mass o f  about 263 pounds 
about 11 pounds (5 kg), 

2 

The nozzle conf igura t ion  tested consisted o f  a 
ug, t runcated a t  60% o f  the f u l l  p lug  length, The 
nace l le  o f  a J85-13GE tu rbo je t  engine upstream of 
p lug  was 16 inches (40,6 cm) a t  i t s  maximum diameter 4 

was 25 inches i n  diameter, The s t r u t s  tha t  support 
wi th  major and minor axes o f  5.5 inches (14 cm) 

(119 kg) and the pr imary shroud had a mass of 
Figure 1 shows a schematic diagram o f  the plug, 

respect ive ly ,  The p lug  and s t r u t  assembly had a / 



af te rburner  l i n e r ,  engine nacel le, and exhaust c o l l e c t o r  as i n s t a l l e d  on 
the engine i n  the Propulsion Systems Laboratory (PSL), 

A t r a n s l a t i n g  secondary shroud, which i s  requi red t o  vary the hot 
gas expansion r a t i o  t o  maintain e f f i c i e n t  nozzle performance over a 
range o f  nozzle pressure ra t i os ,  was simulated i n  these tes ts  by a ser ies 
o f  f ixed- length shrouds, The fo l l ow ing  shroud lengths were tested: 

Table I - SECONDARY SHROUD CONFlGURATlONS 

Most o f  the  t e s t i n g  was done on the longest s t roud ( -111)  and on the 
(-103) shroud, however, and only  the resu l t s  obtained w i t h  these shrouds 
a r e  discussed i n  t h i s  report .  
on f i g u r e  1. 

The ends o f  these two shrouds a r e  ind icated 

S im i la r l y ,  a v a r i a b l e - i r i s  type primary nozzle, which i s  requi red t o  
a1 low changes i n  engine-operating condi t ions (af terburner leve l ,  for  
example), was simulated by a ser ies o f  f i xed  area nozzles. The primary 
nozzle conf igurat ions tested a r e  sumnarized below: 

TABLE I I .  - P R I M R Y  NOZZLE CONFIGURATIONS 

A 8  DP $8 

i n2 cm in. cm 2 

non-af terburn ing 115 742 15.5 39.4 

minimum a f te rbu rn ing  140 903 15.6 3916 
t o  f/a o f  0.02 

f / a  from 0,013 to 175 I 13s 1S06 39.6 
0 a 044 

- 

19.6 

20.4 

21.5 

cm 

49,8 

51.8 

54.6 

3 



Coolinq scheme. - The plug and s t r u t  coo l ing  scheme i s  shown 
schematical ly i n  f i gu re  2. 
near the engine nace l le  and makes i t s  way r a d i a l l y  inward toward the  p lug 
i n  the  passage labeled "s t ru t  coolant in", on sect ion A-A o f  f i g u r e  2. 
This passage is capped a t  the bottom, t o  prevent the coolant from dumping 
d i r e c t l y  inside the plug. The coolant i s  forced from the " s t r u t  coolant 
in "  passage in to  the "leading edge plenum" through a ser ies o f  holes; 
from the top o f  the s t r u t  t o  the bottom there a r e  three one-half inch 
(1.27 cm) diameter holes, one one-half inch (1.27 cm) by 13/16 inch 
(2.06 cm) oblong ho le  and f i v e  f i ve-e igh ts  inch (1,59 cm) diameter holes, 
respect ive ly ,  From the leading-edge plenum che coo l ing  a i r  i s  forced t o  
f low through another ser ies o f  holes i n t o  the f inned a x i a l  coolant channels. 
Thore are t h i r t y  0.190 inch (.492 cm) diameter holes, seventeen 0.174 inch 
t.442 cm) diameter holes and e igh t  0.094 inch (.239 cm) by 0.188 inch 
(0.477 cm) oblong holes i n  a staggered arrangement feeding the coolant 
channels, The a x i a l  coolant channels a re  formed by a t tach ing  f i n s  (n icke l  
200) to  the s t r u t  outer w a l l  ( Inconel 625, thickness -.062 inch (.157 cm). 
The f i n s  a r e  1/4 inch (.635 cm) long and spaced 1/8 inch (.317 cm) apar t  
(see sect ion 6-C of  f i g u r e  2). The coo l ing  a i r  f lows between the n i cke l  
f i n s  around the s t r u t  t o  the s t r u t  t r a i l i n g  edge. 

S t ru t  and p lug coo l ing  a i r  enters the s t r u t s  

The f low pat te rn  e t  the t r a i l i n g  edge i s  essen t ia l l y  the  same as 
the leading edge, except the d i r e c t i o n  i s  reversed, The a i r  passes from 
the  coolant channels, through a staggered hole arrangement i n t o  the 
t r a i l i n g  edge plenum, through larger  holes i n t o  the "s t ru t  coolant out"  
passage. Again the  a i r  i s  forced r a d i a l l y  inward, through an opening 
i n  the s t r u t  support and i n t o  the p lug  cav i ty ,  

The p lug cav i ty  i s  closed a t  the p lug  base; the coolant i s  forced 
forward toward the p lug leading edge and through a ventur i - type  passage 
where i t  impinges on the ins ide  o f  the plug leading edge. The coo l ing  
a i r  then enters the p lug  coo l ing  channels which a r e  made o f  n i cke l  200 
f i ns  at tached to  the .062 inch (.157 cm) lnconel 625 outer wal l .  The 
plwg f ins ,  shown i n  sec t ion  B-B o f  f i g u r e  2, a r e  5/16 inch (.794 cm) 
long and the c i rcumferent ia l  spacing var ies ,  depending upon pos i t ion .  

A lso  shown on f i g u r e  2 a r e  the p lug s ta t i ons  0 through 15. The 
number o f  f i n s  between each o f  the p lug  ;;ations i s :  

TABLE I I I - NUMBER OF FINS ALONG PLUG 

Stat  ion No. o f  Fins Stat  ion  No. o f  Fins 

.' 

0- 1 
1-2 
2-3 
3 -4 
4-5 
5-6 
6-7 
7-8 

6 
6 

72 
144 
192 
240 
336 
360 

8-9 
9-10 

10-1 1 
11-12 

13-14 
14-15 

12-13 

360 
288 
264 
216 
216 
144 J 

120 

4 



The number o f  f i ns ,  and hence, f i n  spacings, were se lected t o  y i e l d  approx- 
imately uni form p lug w a l l  temperatures a t  the maximum heat load condi t ion,  

The inner coolant channel wa l l  was formed by the 0,010 inch (.0254 cm) 
inner wall., Figure 3 shows a segment o f  the p lug outer  w a l l  w i t h  the f i n s  
a t tached and the corresponding inner wal l ,  
the ins ide  o f  the outer wa l l  w i t h  a t h i n  sheet o f  braze mater ia l  between 
the f i n s  and the outer wa l l .  
i n  place, When a l l  o f  the f i n s  i n  the segment were i n  pos i t i on ,  the u n i t  
was furnace-brazed t o  insure good thermal contact between the outer  wa l l  
and the f i n s ,  Next, the preformed inner wa l l  was brazed i n  place. The 
inner w a l l  was brazed t o  the f i n s  a t  one end t o  a l l ow  f o r  d i f f e r e n t i a l  
a x i a l  thermal expansion between the inner and outer wal ls.  D i f f e r e n t i a l  
c i rcumferent ia l  expansion was compensated f o r  using bel lows-type j o i n t s  
i n  the inner w a l l -  

The f i n s  were pos i t ioned on 

Then each f i n  was i n d i v i d u a l l y  spotwelded 

Figure 4 shows the p lug segment w i th  the s t r u t  attachment surfaces, 
The three inner pieces were welded together and at tached t o  the three 
s t r u t s  and a r e  responsible f o r  t rans fy r r i ng  the p lug  pressure load through 
the  s t r u t s  t o  the engine nace l le -  

A lso  shown on f i g u r e  2 a r e  the plug s t a t i o n  9 and 11 seals, One 
o f  these seals i s  shown i n  f i g u r e  5 <  A mineral wool rope-type packing 
was inser ted  beneath the r e t a i n i n g  c l i ps ;  the inner w a l l  from the adjacent 
sec t ion  was I m e r t e d ,  dur ing assembly, between the n i c k e l  f i n s  and the 
mineral  wool rope, Thus i t  was hoped tha t  even w i t h  r e l a t i v e  motion 
caused by thermal expansion between the inner and outer  wa l l s  a t  t ha t  po in t ,  
the seal  would minimize coo l ing  a i r  leakage from the  higher pressure 
i n t e r i o r  o f  the p lug  t o  the coo l ing  channels, A f t e r  assembly and subsequent 
checking, i t  was found tha t  the  seal permi t ted a ra ther  large coolant leak 
a t  s t a t  ions 9 and 11,  however 
high-temperature syn the t ic  rubber sealant. 
t o  stop the  leaks a t  s ta t i ons  9 and 1 1  a r e  discussed i n  Appendix B of 
t h i s  repor t ,  

and these sea 1s had t o  be augmented w i t h  a 
The r e s u l t s  o f  t h i s  attempt 

F igure 6 shows an assembled plug segment w i t h  some o f  the instrumentat ion 
i ns ta l l ed .  
instrumentat ion as a r e s u l t  o f  the thermal expansion o f  the outer wa l l  
r e l a t i v e  t o  the  cooler inner wall ,  

The standpipes shown were requi red t o  prevent shearing o f  the 

F igure 7 Is a photograph o f  the s t r u t  assembly- Nickel  f ins  were 
spot-welded and furnace-brazed onto the outer w a l l  (shown on the r i g h t  
i n  the  photograph), A t h in ,  0,010 inch (,0254 cm), inner w a l l  was welded 
onto the  f i n s  t o  form the coolant channels, F i n a l l y ,  the  two halves were 
assembled w i t h  the inner s t r u c t u r a l  assembly and the j o i n t s  e lec t ron  beam 
welded together ( f a r  l e f t  i n  f igure  7 ) -  

When each o f  the p lug segments ar,A the three s t r u t s  were assembled, 
instrumentat ion,  which w i l l  be described i n  the next sect ion,  was added, 

A l l  o f  the  instrumentat ion leads from the  plug and s t r u t s  were routed 
through the  s t r u t  coolant channels and outs ide the engine, 
segments were then f i t  together and each seam e lec t ron  beam welded. 

Each o f  the plug 

5 



The primary nozzle was f i lm-cooled w i t h  res idual  coo l ing  from the 
af terburner  l i n e r ,  and two f i lm-cool ing s lo ts ,  One o f  these s l o t s  
was i n s t a l l e d  j u s t  upstream of the s t r u t s  and the other j u s t  downstream 
o f  the s t ru ts .  
t o  some extent. The secondary shroud was f i lm-cooled w i t h  the secondary 
a i r  flow, 
o f  tes ts ,  t h i s  repor t  w i l l  be l i m i t e d  t o  the convective coo l ing  o f  the 
s t r u t s  and plug, 

Secondary a i r  a l s o  convect ively cooled the primary nozzle 

Although much f i lm-coo l ing  data were obtained i n  t h i s  ser ies 

Eight hundred and s i x t y  data po in ts  were taken w i t h  f a c i l i t y  cool ing 
a i r  for  the s t r u t s  and plug and the primary nozzle f i lm-coo l ing  s lo t s .  
This f a c i l i t y  coo l ing  a i r  was approximately ambient i n  temperature,and 
the pressures and f lowrates could De viiried. 
were a l s o  taken w i t h  the cool ing a i r  obtained from the engine compressor 
discharge. 
was used t o  f i lm-cool  the primary nozzle. F ive percent secondary a i r  
adequately cooled the secondary shroud fo r  a l l  the condi t ions tested. 

i i inety- two data po in ts  

For these tes ts ,  about +-it pwcent  o f  the engine primary a i r  

Instrumentation. - The nozzle system, engine and f a c i  1 i t y  were 
instrumented t o  ob ta in  heat t rans fer  and pressure drop data and engine 
th rus t  data. TABLE I V  summarizes the types o f  instrumentat ion used. 

Deta i l s  o f  the plug thermocouples used i n  t h i s  study a r e  presented 
i n  f i gu re  8. 
the p lug where r e l a t i v e  motion between the inner wa l l  and the outer wa l l  
was expected. The standpipe arrangement was required t o  prevent the 
inner wa l l  from shearing the thermocouple, l r  conversely, t o  prevent 
the thermocouple from damaging the t h i n  inner wa l l .  The thermocouples 
used were 0.010 inch (.0254 cm) chromel-alumel wires,  swaged i n  1/16 inch 
(.159 cm) by 0.009 inch (,023 cm) sheathing w i t h  magnesium oxide insu la t ion .  
The w a l l  thermocouple j unc t i on  was formed by welding a bead on the end 
o f  each thermocouple assembly and gr ind ing  the  bead flat,, 
checks, the thermocouples were inser ted i n  the p lug wa l l  and welded i n  
place and f i n a l  l y  ground f lush  w i t h  the outer wa 1 1  surface, F ina l  l y  the 
thermocouple was brazed t o  the standpipe and the standpipe brazed t o  the 
inner wa l l ,  

Figure 8(a) shows a t y p i c a l  i n s t a l l a t i o n  i n  a reg ion of 

A f t e r  c o n t i n u i t y  

Many o f  the plug wa l l  thermocouples d i d  not requ i re  standpipes and 
they were i n s t a l l e d  as shown i n  f i g u r e  8(b). I n  t h i s  case the thermocouple 
sheathingwas brazed d i r e c t l y  t o  the p lug Inner wa l l .  

A t yp i ca l  cJolant thermocouple i n s t a l l a t i o n  i s  shown i n  f i g u r e  8(c).  
The thermocouple j unc t i on  was formed by spotwelding the two wires together 
about 1/8 inch (.317 cm) beyond the end o f  the sheath, A small washer 
was then brazed onto the thermocouple sheath and f i n a l l y  the thermocouple 
inser ted through the plug inner wa l l  and brazed i n  place. 

Typical p lug s t a t i c  pressure taps a r e  i l l u s t r a t e d  i n  f i g u r e  9. 
lnconel 600 tub ing 1/16 inch (.159 cm) '3,3, by 0,011 inch (0,028 cm) 
wa l l  was used t o  measure the hot gas s t a t i c  pressure ( f i g .  9(a) and 9(b)) 
and coolant s t a t i c  pressures ( f ig .  Y(c)). The tubes were brazed t o  the 
outer p lug wa l l  and ground smooth. 

6 
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Figure 10 shows the coolant t o t a l  pressure de ta i l s .  Again, 
lnconel 600 tub ing was used, A small tube - 1/32 inch (.079 cm) O.D. 
by 0.005 inch (,013 cm) w a l l  - was formed and inser ted  i n  the larger  
tube - '064 inch (,162 cm) by 0,011 inch (0,028 cm) wal l ,  The small 
tube was brazed t o  the larger tube. For s t a t i o n  8, a small washer was 
brazed to  t h e  end of the larger tube and the  washer brazed t o  the p lug 
inner wall .  A t  s t a t i o n  15, the larger  tube was brazed d i r e c t l y  t o  the 
p lug  base p la te .  

Figure 11 presents the coordinate system used t o  locate the p lug 
and s t r u t  instrumentation. The dlstence a!cng the pj t iy  surface, x, 
s t a r t s  a t  the p lug  stagnat ion po in t  ar.d runs t o  the  end o f  the plug, 
x = L = 43.6 inches (111  cm). 
s t a r t i n g  a t  the top o f  the  nozzle and increasing i n  a counter c lock-  
wise d i rec t i on  fac ing  downstream. 
i n  sect ion A-A o f  f i g u r e  11. On the s t r u t  surface, 8 s t a r t s  a t  the 
stagnation po in t  o f  the s t r u t  and r!ms along the surface of  the  s t r u t  
t o  the rear stagnat ion po in t ,  8 = h = 5.5 inches (14 cm). Distance 
from the plug surface, H, begins a t  the p lug and ends on the primary 
nozzle wal l ,  H = y\ = 6,25 inches (15.9 cm). 

Table V describes the loca t ion  o f  each o f  the thermocouples and 
pressure taps on the plug. 

Angular p o s i t i o n  i s  denoted by 6,  

The three s t r u t  pos i t ions  a r e  shown 

The instrument designations may be sumnarized: 

F i  r s t  Le t te r :  

P = S t a t i c  Pressure 
H = Tota l  Pressure 
T = Temperature 

Second Le t te r :  
H = Hot Gas Side (Engine Primary Gas) 
C = Coolant Side 
W = Heat Transfer Wall 
M = St ruc tura l  Mater ia l  

Th i rd  and Fourth Le t te r :  
PL = Plug 
ST = S t ru t  

Thus, TWPL-1 through TWPL-47 designate p lug  wa 1 1  thermocouples, etc. 

Much o f  the p lug instrumentat ion was concentrated a t  two angular 
pos i t ions  on the p lug - a t  about Oo ( i n  l i n e  w i t h  the top s t r u t )  and 
a t  6 = 600 (between two s t ru t s ) .  
about 0' and WPL-97 through TWPL-31 were a t  about 6 = 60'. 
the p luz  coolant temperatures, TCPL-1 through TCPL-10 were located a t  
about 0 and TCPL-11 through TCPL-20 were located a t  about 60°, Fourteen 
p lug  w a l l  temperatures a t  the th roa t  o f  the  nozzle were a l s o  measured - 
TWPL-9, TWPL-24, TWPL-34, and TWPL-37 through TWPL-47. Ci rcumferent ia l  
coolant temperature d i s t r i b u t i o n s  were measured a t  the  nozzle th roa t  
w i t h  twelve thermocouples (x/L = 0,3627) and a t  s t a t i o n  15 (x/L = 0.9909) 
w i t h  twelve thermocouples, 

Thus, TWPL-1 through TWPL-16 were a t  
S i m i l a r l y ,  
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Two rows o f  s t a t i c  pressures were measured i n  the coolant channels, 
PCPL-1 through PCPL-8 a t  about Oo,  and PCPL-9 through PCPL-16 a t  about 
60°, Also, the twelve coolant s t a t i c  taps a t  x/L = .3627 measured the 
c i rcumferent ia l  s t a t i c  pressure d i s t r i b u t i o n  a t  the nozzle throat.  
Ci rcumferent ia l  coolant t o t a l  pressure surveys were made a t  s t a t i o n  15 
(x/L = .9909) and a t  the  nozzle throat  (x/L = .3645)0 

The loca t ion  o f  the instrumentation on the s t r u t s  i s  presented i n  
TABLE V I .  Most o f  the instrumentation was concentrated on t h e  Oo s t r u t  
as can be seen i n  Table V I .  

Engine primary a i r  f low was calcu lated from temperature and pressure 
measurements a t  the th roa t  of the engine i n l e t  bellmouth, Turbine-type 
flowmeters were used t o  measure fue l  f lowrates and standard o r i f i c e s  were 
used t o  ca lcu la te  f lowrates i n  the secondary a i r  l i ne ,  and coo l ing  a i r  
l i n e s  dur ing the tes ts  using faci : i t ; l  cool ing a i r .  
which the cool ing a i r  was obtained f m m  the engine compressor discharge, 
t o t a l  and s t a t i c  pressure taps were i n s t a l l e d  i n  each o f  the l ines.  
A f t e r  the t e s t i n g  was complete, each o f  the l ines  were ca l i b ra ted  i n  a 
f low f a c i l i t y  and the  c a l i b r a t i o n  curve then included i n  the data reduct ion 
computer program, 

During the  tes ts  i n  

J-85-13 Afterburning Tu .bojet  Engine 

The gas generator used i n  t h i s  study was a General E l e c t r i c  J85-13 
The engine has an eight-stage ax ia l - f l ow  a f te rburn ing  tu rbo je t  engine, 

compressor, an annular primary combustor, a two-stage a x i a l - f  low turbine, 
and a s i n g l e  c i rcumferent ia l  V-gutter f lameholder w i t h  r a d i a l  spray 
bars i n  the af terburner,  A t  standard sea leve l  s t a t i c  condi t ions i t  
has a ra ted  a irf low o f  44 pounds per second (20 kg/sec) a t  a ra ted  
corrected speed o f  16,500 rpm, A t  maximum af te rburn ing ,  the engine i s  
capable o f  generating gas temperatures of about 3600°R (2000 K) a t  an 
engine pressure r a t i o  o f  about 2,2. 

PSL Insta1;at ion 

The J-85 engine was i n s t a l l e d  i n  the NASA Propulsion Systems Laboratory 
(PSL) a l t i t u d e  tank. 

A schematic diagram o f  the i n s t a l l a t i o n  i s  shown i n  f i g u r e  13. The engine 
s ta t i ons  a r e  numbered on f i g u r e  13: 

A photograph o f  the  i n s t a l l a t i o n  i s  shown i n  f i g u r e  12, 

1 - engine i n l e t  (bellmouth th roa t )  

2 - compressor i n l e t  

3 - compressor discharge 
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4 - turbine inlet 
5 - turbine discharge 
6 - afterburner inlet 
7 - afterburner exit (nozzle inlet) 
8 - primary nozzle exit 
9 - ejector exit (end of secondary shroud) 
10 - altitude 

The engine was modified by removing its variable area nozzle, and replacing 
it with an instrumentation section at the afterburner exit and attaching 
the plug nozzle system. The engine and nozzle system was mounted from a 
bed plate freely suspended by four flexure rods. Pressure forces acting 
on the engine, nozzle and nacelle were trqnsmitted to the load cell to 
measure thrust, 

A small amount of air was admitted to the test section of the altitude 
chamber during engine operation through the bypass valves to keep the test 
section at an acceptable temperature level. 
labyrinth seal around the throat section of the primary air bellmouth 
separated the engine inlet air from the exhaurt and provided a means of 
adjusting exhaust pressure independent of inlet pressure,, 

A front bulkhead with a 

Secondary nozzle airflow was measured and supplied to a toroidal 
manifold at the turbine discharge station to help cool the afterburner, primary 
nozzle and secondary shroud. Cooling air 1 ines for the struts and plug and 
a small line for accelerometer cooling were brought in through the secondary 
shroud system and into the struts for most of the testing. 
facility cooling air was measured and brought into two toroidal manifolds 

Similarly, 

that fed the two film-cooling slots on the primary nozzle. 
"compressor discharge" runs, air was taken from four ports at the end of 
the compressor and collected in a toroidal plenum. From this plenum, 
three one-inch (2.54 cm) lines carried the plug and strut cooling air 
directly to the three struts. Similarly, tbree lines supplied cooling a 
to film-cooling slot 1 manifold and tilamer lines carried air to film-cool 
slot 2 manifold. The six lines to the film-cooling manifolds each conta 
small orifices to limit the flow in these lines. Accelerometer cooling 
air was not taken from the engine during the "compressor discharge'' runs 

For the 

RESULTS AND D I SCUSS I ON 

Cool ing Air Distrubut ions 

Summary of cooling-air leaks, - Prior to installation of the plug 
nozzle system in PSL, a model of the plug inner wall seals was built and 
leak checked. The mineral wool rope type seal was found to leak badly. 

r 
ng 
ned 



I n  order t o  do a thorough heat t ransfer  analys is  o f  the p lug coo l ing  
channels, i t  was necessary t o  know the loca l  f l owra te  i n  the channels 
as accurate ly  as possible, Therefore, i t  was decided t o  augment the 
seals i n  an attempt t o  e l im ina te  these leaks, Appendix B describes the 
type o f  seal t ha t  was used and the l im i ta t i ons  t h a t  the use o f  t h i s  s e a l  
imposed upon the subsequent tests .  I n  summary, the sealant used 
de ter io ra ted  when exposed t o  temperatures above about 1460' R (81 1 K); 
t o  preserve the i n t e g r i t y  o f  these seals the inner w a l l  temperatures a t  
p lug s t a t i o n  9 and 11 were kept below 1469' R (811 K), 
l i m i t  made i t  impossible t o  a t t a i n  maximum af te rburn ing  w i t h  a reasonably 
low coolant f lowrate,  
between the s t r u t  attachment po in ts  end the plug coolant  channels; the 
method o f  c a l i b r a t i n g  t h i s  leak i s  a lso  discussed, F i n a l l y ,  Appendix B 
discusses a small leak t h a t  ex is ted  between the p lug  and the  nose cap, 
This cap was bo l ted  i n  place and a i r  leaked i n  the  regions between the 
bol ts ,  This small leak resu l ted  i n  a small amount o f  f i l m  coo l ing  over 
the f r o n t  po r t i on  o f  the plug. 
edge o f  the plug a f t e r  the t e s t i n g  was completed, The streaks a r e  c l e a r l y  
v i s i b l e  where the cap leakage f i lm-cooied the p lug  leading edge region., 

This temperature 

Appendix B a l s o  discusses a leak tha t  ex is ted  

Fiqure 14 i s  a photograph o f  the leading 

S t r u t  coolant d i s t r i bu t i ons ,  - Total  and s t a t i c  pressures were measured 
i n  each o f  the feedl ines supplying cool ing a i r  t o  the three s t ru t s ,  Since 
the  coolant f lowra te  i n  each o f  these l ines  i s  propor t ional  t o  the square 
root o f  the d i f fe rence between the t o t a l  and s t a t i c  pressure, the r e l a t i v e  
amount o f  cool ing a i r  being suppl ied each S t r u t  could be compared eas i ly ,  
For the runs using f a c i l i t y  coo l ing  a i r ,  aqproximately 32=5 percent o f  
the  coo l ing  a i r  went t o  the Oo s t r u t ,  36,3 percent went t o  the  240' s t r u t  
and 31.2 percent t o  the 120° s t ru t .  
more near ly  the same was a t t r i b u t e d  to  unequal f low res is tance i n  the 
l i nes  connecting the  supply t o  each s t ru t ,  For the  runs using compressor 
discharge a i r ,  the l i n e  lengths were p r a c t i c a l l y  equal and the f lowrates 
were about 33c7, 33.9 and 32.4 percent f o r  the Oo, 120' and 240° s t r u t s ,  
respect ive ly .  

The reason these f lowrates were not 

Coolant pressure drop as a funct ion o f  f lowrate.  - Figure 15 presents 
the product o f  average densi ty and s t a t i c  pressure drop as a func t ion  of 
coo l ing  a i r  f lowra te  f o r  the s t r u t s ,  plugs, and s t r u t s  and p lug  i n  series, 
The data shown f o r  the  p lug  and f o r  the s t r u t s  and p lug i s  p l o t t e d  as a 
funct ion o f  the sum o f  the  cool i r :  a i r  i n t o  the s t r u t s  and the  accelerometer 
coo l ing  a i r .  Tnis i s  not  s t r i c t i y  correct  for  the s t r u t s  and p lug i n  
ser ies s ince the accelerometer cool ing a i r  (about 0.15 pounds/second) 
(0.33 Kg/sec) d i d  not  f low through the s t r u t  coo l ing  passages, 
co r rec t  pressure drop can be determined from the other  two l i nes  on the 
f igure,  however. For example, a t  the design po in t ,  (maximum af te rburn ing  
3% coolant and sea leve l  takeof f  engine condi t ions),  JA+ f o r  the 
s t r u t s  and p lug i s  270 lbrn-lbf/ f$ (1,43 Kg-N/m5 ) and 305 lbm- lb f / f ts  
(1,62 Kg-N/m5 ), respect ively.  For a s t r u t  i n l e t  temperature o f  967O R 
(538 K) and estimated s t r u t  and p l u t  o u t l e t  temperatures of  1218O R 
(677 K) and 2120° R (1177 K), respect ively,  the s t a t i c  pressure drops 
f o r  the  s t r u  

y i e l d s  an o v e r a l l  pressure drop o f  49'9 ps ia  (356,000 N/m2) - about 
th ree  percent too low, 

The 

and p lug  a re  12,8 psia (88,200 N/m2) and 38.8 psia 
(267,000 N/m $ ) o  Using the  curve for the s t r u t s  and p lug i n  ser ies 
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Compressor discharge cool ing air., - Although most o f  the t e s t  
program was run  w i t h  ambient f a c i l i t y  cool ing a i r  suppl ied t o  the s t r u t s  
and plug coo l ing  channels, ninety-two data points  were taken w i t h  the 
cool ing a i r  obtained d i r e c t l y  from the engine compressor discharge, 
The temperature of  the compressor discharge cool ing a i r  var ies  w i t h  
engine speed, as shown i n  f i g u r e  16. For 100 percegt engine speed, the 
compressor discharge temperature averaged about 907 R (504 K). A s  the 
cool ing a i r  f lows from the compressor discharge manifold t o  the s t r u t s ,  
the cool ing a i r  temperature decreases since the a i r  l i nes  a r e  exposed 
t o  ambient a i r  temperatures, both outs ide the engine and w i t h i n  the 
secondary f low passage. The r e s u l t i n g  cool ing a i r  temperature a t  the 
s t r u t  i n l e t  was thus a func t ion  o f  the secondary f lowra te  and temperature, 
and the l eve l  o f  a f terburn ing;  high leve ls  o f  a f te rburn ing  resu l ted  i n  
h igh af terburner  1 iner temperatures and higher r a d i a t i o n  heat loads t o  
the engine nacel le  and cool ing a i r  l ines.  The r e s u l t i n g  temperatures 
a t  the s t r u t  i n l e t  var ied  between 866O R (481 K) and 904’ R (502 K). 

Figure 17 shows the cool ing a i r  f lowrate f r a c t i o n  o f  primary f low- 
r a t e  as a func t ion  o f  primary f lowrate,  The f i g u r e  shows tha t  about 
three and one-half percent o f  the primary a i r  was suppled a t  absolute 
primary flows of  21,s lbm/sec (47.4 Kg/sec) and about 3 e 7  percent was 
suppl ied a t  primary f lowrates o f  44 lbm/sec (97 Kg/sec) a t  1000/, engine 
speed ., 

Plug Pressure D i s t r t ’ ~ u t i o n s  

Coolant a x i a l  pressure d i s t r i b u t i o n s .  - The a i r  coolant i n  the 
f inned passages was choked a t  p lug s t a t i o n  15 ( the end o f  the plug) f o r  
a l l  o f  the heat t rans fer  runs. Thus, back pressure had no e f f e c t  on 
coolant s t a t i c  pressure p r o f i l e s ;  f i g u r e  18 shows t h i s  t y p i c a l  p r o f i l e  
for  four runsa A s  expected, most o f  the pressure drop occurs near the 
end o f  the p lug where compress ib i l i t y  e f f e c t s  predominate. 

Coolant c i rcumferent ia l  pressure d i s t r i b u t i o n s ,  - Figure 19 
compares the c i rcumferent ia l  s t a t i c - t o - t o t a l  pressure r a t i o  i n  the 
coolant channels a t  the p lug th roa t  ( s t a t i o n  8) and e x i t  ( s t a t i o n  15). 
Maximum and minimum Mach numbers a r e  a l s o  ind icated on the f i g u r e  and 
imply v e l o c i t y  v a r i a t i o n s  o f  approximate!y 25 percent a t  s t a t i o n  8 and 
on ly  s i x  percent a t  s t a t i o n  15= F.lL pus i t ion  o f  the t o t a l  probe i s  
extremely c r i t i r . a l  a t  s t a t i o n  15 so the v a r i a t i o n  shown may be a 
combination o f  probe p o s i t i o n  and v e l o c i t y  v a r i a t i o n ,  

Hot gas pressure d i s t r i b u t i o n s ,  - Hot gas s t a t i c  pressure 
d i s t r i b u t i o n s  upstream o f  the nozzle th roa t  were unaffected by back 
pressure since the nozzle was choked f o r  a l l  o f  the  runs o f  in te res t .  
This i s  not the case on the supersonic s ide  o f  the nozzle throat ,  
however. Figure 20 shows the  ef fect  oF nazzle pressure r a t i o ,  
P8/Po, on the l oca l  Stat iC- to- tOta l  pressilre r a t i o ,  p/P8, as a 
func t ion  of distance a long p lug surface, 
a r e  t y p i c a l  o f  the pressure d i s t r i b u t i o n s  t h a t  could be expected a t  
sea level  takeoff engine condi t ions;  the h igh pressure r a t i o  case, 

The low pressure r a t i o  cases 
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P8/Po = 11.86, i s  approximately f u l l y  expanded and corresponds t o  
f l i g h t  a t  a h igh a l t i t u d e .  

A computer program has been developed a t  Lewis t o  evaluate the 
performance cha rac te r i s t i cs  o f  a fully-expanded plug-type nozzle system 
w i t h  secondary f low and a secondary ejector.  
p red ic t  the loca l  s t a t i c  pressures i n  the supersonic f low f i e l d  f o r  a 
t y p i c a l  fully-expanded caseo Figure 21 shows the resu l t s  o f  t h i s  
program and compares these r e s u l t s  wi th  experimental data, The predic ted 
values agree very w e l l  w i th  the experimental data f o r  both the plug 
surface s t a t i c  pressures and the ejector surface s t a t i c  pressures, 
program was not w r i t t e n  t o  evaluate s i a t  i c  pressure d i s t r i b u t i o n s  fo r  
pressure r a t i o s  lower than the f u l  ly-expanded cases; thus, no comparisons 
o f  t h i s  type o f  operat ion can be made. 

This program was used t o  

The 

The e f f e c t  o f  secondary shrotid iength i s  shown i n  f i g u r e  22. The 
shroud f o r  the square symbols was loceted a t  A? = 4 inches (10,l cm); 
the shroud f o r  the t r i a n g l e  data was located a t  = 15 inches (38'1 cm). 
For the pressure r a t i o  shown, the pressure p r o f i l e s  a r e  s im i la r  except 
near the end o f  the plug. Data f o r  two cases w i t h  the same pressure 
r a t i o  and temperature and engine absolute f low-rates o f  46.3 lbm/sec 
(21.0 Kg/sec) and 23.65 lbm/sec (10,73 Kg/sec) ind icated no e f f e c t  o f  
engine f lowra te  on tne s t a t i c  prsssure d is ' r ibu t ion  i n  the supersonic 
stream, as expected. 

Hot Gas Temperature D i s tr i but ions 

Sta t ion  7. - The r a d i a l  va r ia t i on  i n  ho t  gas temperature a t  the 
af terburner  e x i t  s t a t i o n  i s  shown En f i g u r e  23. These temperatures were 
obtained w i t h  a water-cooled t ravers ing probe. The traces shown ind ica te  
an average o f  the temperatures obtained wh i l e  the probe was being inser ted  
and wh i l e  i t  was being retracted. For non-afterburning and very low 
af terburner  fue l  f low, the va r ia t i on  i s  very small. As  more fuel i s  
burned, however, a peaked d i s t r i b u t i o n  develops i n  an annular r i n g  - 
( lee., f /a  = 0.021 on f i g u r e  23), 
increased, the peaked d i s t r i b u t i o n  remains but spreads out r a d i a l l y .  

A t  the f u e l - a i r  r a t i o  o f  0,039, rne hot  peak tended t o  leve l  somewhat 
i n  the annular reg ion but s t i l l  indicated a d i f fe rence from maximum 
temperature t o  cen te r l i ne  temperature of  960' R (533 K) - approximately 
2720' R (1510 K) on the cen te r l i ne  and 36800 R (2045 K) maximum, 

As the l c v e l  o f  a f te rburn ing  i s  

S ta t ion  8. - A t ravers ing  water-cooled probe j u s t  downstream of  
the  primary nozzle th roa t  y ie lded s im i la r  resu l ts ,  
f i v e  o f  the measured p r o f i l e s .  Again, the measured temperatures near 
the  p lug surface (H = 0) a r e  app rox imte l y  500' R (278 K) cooler than 
the maximum temperatures. These tempereture p r o f i l e s  caused an i nsu la t i ng  
e f fec t  a t  the p lug surface, 
ind icated i n  the legend on the figure,was obtained by adding the measured 
tu rb ine  discharge temperature t o  the ca l i b ra ted  af terburner  temperature 
r i se .  The af terburner  temperature r i s e  c a l i b r a t i o n  was performed e a r l i e r  
on the engine w i t h  a fixed-area water-cooled nozzle. 

Figure 24 presents 

The average ho t  gas temperature, Tg,av, 



Wa 1 1 Temperatures 

Effect  o f  coolant f lowrate. - Runs were made using f a c i l i t y  cool ing 
a i r  during which the engine condi t ions (temperature, pressure, f lowrate) 
were held constant and the cool ing a i r  f lowra te  was var ied.  
presents the measured p lug w a l l  temperatures for two runs w i t h  f lowrates 
of 1.874 Ibm/sec (O,85 Kg/sec) and 1.525 Ibm/sec (0.692 Kg/sec), 
respect ive ly ,  and the same engine operat ing condit ions, S i m i  l a r i t y  o f  
the longi tud ina l  temperature p r o f i l e s  fo r  the two runs i s  obvious both 
behind (0' locat ion)  and between (60° locat ion)  the s t r u t s .  
w i t h  4.3% coolant had w a l l  temperatures about looo R (55 K) cooler over 
the e n t i r e  p lug surface. The decrease i n  w a l l  temperature behind the 
s t r u t s  (x/L = .24) was caused by the s t r u t  bypass leakage; cool ing a i r  
from the s t r u t  was leaking d i r e c t l y  i cco  the p lug cool ing passages a t  
t h i s  point. This a i r  was cooler than the a i r  i n  the p lug passages; 
thus the w a l l  temperatures were lower, The sharp increase i n  w a l l  
temperature behind the s t r u t  a t  x/L = 0.37 was probably caused by the 
turbulent  wake behind the s t r u r  which i n  t u r n  caused the cooler h o t  gas 
on the engine center l ine  t o  be mixed c l v ' t %  the h o t t e r  primary gas o f  the 
peaked d i s t r i b u t i o n  prev ious ly  discussed. 

Figure 25 

The run 

Ef fect  o f  nozzle pressure r a t i o .  - The large v a r i a t i o n  i n  loca l  
s t a t i c  pressure i n  the supersonic region f o r  var ious pressure r a t i o s  
was shown i n  f i g u r e  20. Figure 26 shows the pressure r a t i o  e f fec t  o f  
these var ia t ions  on the p lug w a l l  temperatures. Up t o  and j u s t  beyond 
the primary nozzle th roa t ,  the w a l l  temperctures were unaffected by 
pressure r a t i o  as were the loca l  s t a t i c  pressures (and, hence, loca l  
v e l o c i t i e s ) .  However, i n  the supersonic reg ion where the l oca l  s t a t i c  
pressures var ied  s i g n i f i c a n t l y ,  the w a l l  temperatures a l s o  var ied  w i t h  
pressure r a t i o ,  Figure 26 indicates r e l a t i v e l y  h igh p lug w a l l  temperatures 
downstream o f  the th roa t  f o r  the 3.98 pressure r a t i o  case; these tempera- 
tures were about the same as the wa:l temperature a t  the nozzle throat .  
For the higher pressure r a t i o s ,  these temperatures dropped o f f  considerably; 
i n  the case of the 13.06 pressure r a t i o ,  
of the plug were up t o  300' R (I67 K) be 
nozzle throat. 

E f fec t  of enqine f l o w r a k .  Figure 
as a funct ion o f  distance along the plug 
the same pressure r a t i o  and aveea3e bOta 

the wa I 1  temperatures a t  the end 
ow the w a l l  temperature a t  the 

27 j resents  w a l l  temperatures 
surface f o r  two runs w i t h  about 

temperature. The t o t a  1 pressure, 
Pa, and engine f lowrate,  \k8, f o r  the open symbols a r e  approximately double 
the values f o r  the c losed symbols. Also, the shroud lengths f o r  the two 
cases were d i f f e r e n t ,  but  the e f f e c t  o f  shroud length on w a l l  temperature 
i s  small compared t o  the aforementioned e f fec ts .  The w a l l  temperatures 
f o r  the higher engine f lowra te  case shown a r e  approximately 70' R (39 K) 
h igher than t h e  lower f lowra te  case over the e n t i r e  p lug  surface, Part  
o f  t h i s  di f ference may be a t t r i b u t e d  tn the di f ference i n  t o t a l  gas 
temperature o f  20° R ( 1  1 K).  
f i g u r e  17 that  more coo l ing  a i r  was del ivered t o  the s t r u t s  and p lug 
f o r  the higher f lowrate cases, 
p r o f i l e s  along the plug a r e  the r e a l  cause o f  the w a l l  temperature 
differences shown i n  t h i s  f igure.  

Conversely, nowever, i t  was shown i n  

It i s  be l ieved t h a t  the  gas temperature 

Unfortunately gas temperature traverses 
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were not made f o r  each run and t h i s  assumption cannot be v e r i f i e d .  

Typical  s t r u t  w a l l  and coolant temperature d i s t r i bu t i ons .  - Figure 28 
presents the r e s u l t s  o f  a t y p i c a l  run f o r  the s t r u t  temperatures. 
ho t tes t  w a l l  temperatures were observed a t  the midchord p o s i t i o n  
( E/A 
the  corn ressor discharge a i r f l o w  and a bu lk  hot gas t o t a l  temperature 
o f  3075 
w e l l  below the design wal l  temperature l i m i t .  Measured coolant temperatures 
a r e  a l s o  shown on f i g u r e  28. 
t ra i l ing-edge of the s t r u t  a t  H = 4,8 inches (12.2 cm) r e s u l t s  because 
the s t r u t  he ight  decreases from leading edge t o  t r a i l i n g  edge (see f i g ,  7) 
and the  f i n s  a t  the top o f  the s t r u t  do not extend t o  the t r a i l i n g  edge. 
The cooler a i r  d ischarging from the shorter f i n s  mixes together and f lows 
toward the t r a i l i n g  edge along a channel ins ide  the primary nozzle, The 
thermocouple a t  g / h  
reading an average discharge temptraiure. 

The 

= 0.5) f o r  a1 1 of the runs. On another run using 39k o f  

8 R (1710 K) t h i s  maximum temperature was on ly  1592' R (884 K) - 
The drop i n  coolant temperature a t  the 

= 1,O i s  a c t u a l l y  w i t h i n  t h i s  channel and i s  

Cooling A i r  Requirements 

A ser ies o f  runs were made using f a c i l i t y  coo l ing  a i r  and w i t h  the 
la rges t  primary nozzle area to determine exact ly  how much c o o l i n  

(1220 K). F igure 29 presents p lug s t a t i o  I 8 average w a l l  temperatures 
(these th roa t  w a l l  temperatures were the h o t t e s t  temperatures on the  
p lug surface f o r  most o f  the runs) as a funct ion o f  p lug coolant f low- 
r a t e  f o r  var ious ho t  gas t o t a l  temperatures,, Cross-p lo t t ing and extrapola- 
t i o n  o f  t h i s  data t o  3500' R (1945 K) and accounting f o r  (1)  theofact  t h a t  
the coo l ing  a i r  from the  compressor discharge would be about 500 R (278 K) 
h o t t e r  than the  f a c i l i t y  cool ing a i r ,  and (2) loca l  ho t  spots, led  t o  the 
est imate tha t  3 9 0  o f  the engine primary a i r f l o w  - taken from the cyc le  
a t  the  compressor discharge - would cool the s t r u t s  and p lug up t o  gas 
temperatures o f  3500' R (1945 K). 

a i r  was 
requi red t o  maintain p lug and s t r u t  w a l !  temperatures below 2200 8 R 

The compressor discharge runs were made w i t h  the coo l ing  a i r  l i nes  
s ized  t o  ob ta in  about 35 percent o f  the a i r ,  Figure 30 presents p lug  
th roa t  w a l l  temperatures p l o t t e d  as a funct ion of  ho t  gas temperature 
for  three ho t  gas f lowrates. Again i t  can be seen t h a t  the higher engine 
f lowrate condi t ions r e s u l t  in  higher w a l l  temperatures as noted on 
f i gu re  27. 
of 3500' R (1945 K) ind icates an average th roa t  w a l l  temperature of  about 
1860O R (1033 K) f o r  the highest f lowrate. 
t h r o a t  "hot spot" temperature w i th  the average temperature; an average 
temperature o f  1860' R (1033 K) would gx t rapo la te  t o  a '%ho t  spot" o f  
2040' R (1133 K) - w e l l  below the 2200 R (1220 K) design temperature. 
Apparent ly the ho t  gas temperature pr? f ;?e  which surrounds the p lug  
w i t h  cooler 9 s  i s  responsible f o r  t h i s  resu l t ,  

Ext rapolat ion o f  the data on f igure  30 t o  a hot  gas temperature 

F igure 3 1  compares the p lug  

A summary p l o t  i s  presented i n  f i g u r e  32. A run was chosen tha t  
came c lose t o  the design po in t  for  the nozzle. 
the  sea leve l  takeof f  condi t ion:  

The design po in t  was 
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T8 = 35OO0R (145 K) 
P8 = 2,2 atmos, 

68 = 42,7 lbm/sec (19.4 Kg/sec) 
P8/P0 = 2,2 

Wall temperatures and coolant temperatures a r e  shown on f i g u r e  32 f o r  
engine condit ions: 

T8 = 3025O R (1680 K) 
P8 = l,78 atmos, 

68 = 41,78 lbm/sec (18.95 Kg/sec) 
P8/P0 = 3.32 

Outer w a l l  temperatures and coolant temperatures a r e  shown i n  l i n e  w i t h  
the Oo s t r u t  and between the Oo s t r u t  and the 120° s t r u t .  On t h i s  run, 
the  maximum wal l  temperature occurred near the end o f  the p lug  rather  
than a t  the throat. Coolant temperatures and inner wa l l  temperatures 
increased continuously from i n l e t  t o  o u t l e t ,  as expected. 
t i ons  may be made regarding t h i s  f igure.  F i r s t ,  large c i rcumferent ia l  
w a l l  temperature d i f ferences e x i s t  a t  several pos i t ions  on the plug. 
Second, s ince the  po r t i on  o f  the p lug upstream o f  the th roa t  i s  very 
much over-cooled, large a x i a l  temperature gradir.r,:s ex i s t .  

Two observa- 

SUMWRY OF RESULTS 

The fo l low ing  conclusions and comments may be made from the data 
presented i n  t h i s  report .  

1, It was demmstrated tha t  a plug type nozzle could be 
successful ly cooled w i t h  about three and one-half percent 
o f  the primary engine a i r f l o w  b led from the compressor 
discharge w i t h  average or  bu l k  exhaust gas temperatures 
as high as 3350' R (1860 K), The design hot  gas temperature 
o f  3500° R (1245 K) was not  reached because o f  a temperature 
l i m i t  o f  1469 R (810 K) on tib r,;zzle i n te rna l  seals. This 
was only a laboratory l i m i t ,  however, and would not  be imposed 
on f l i g h t  hardware. 

2. Ext rapolat ion of the w a l l  temperature data t o  the design 
ho t  gas temperature o f  3500° R (1945 K) indicates t h a t  the  
average wa l l  temperature a t  the th roa t  would be about 
1860' R (1030 K) using 3f percent coolant from the compressor 
discharge and hot  gas condi t ions corresponding t o  a sea leve l  
takeoff engine condi t ion.  
t h i s  condi t ion was extrapolated t o  2040' R (1133 K); about 
160° R (89 K) below the design value, 

Throat "hut spot" temperature f o r  
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3. Plug w a l l  temperatures were lower than expected because o f  a 
cool zone i n  the center o f  the af terburner  temperature p r o f i l e ,  
Hot gas temperatures were as much as 5000 R (278 K) cooler 
than maximum a t  a po in t  one-half inch (1.27 cm) from the p lug 
wal l ,  two inches (5,08 cm) downstream o f  the throat,  

4. Four coolant leaks were known t o  e x i s t  i n  the p lug coo l ing  
channels, The two in te rna l  leaks a t  p lug s ta t ions  9 and 1 1  
were kept minimal by using a syn the t ic  rubber compound t o  
supplement the mechanical seals and maintaining the p lug  inner 
wa l l  temperature below 1460' R (810 K). A larger i n te rna l  
leak ex is ted  between the s t r u t  attachment po in ts  and the 
p lug  coolant channels. The e f f e c t  o f  t h i s  leak i s  apparent 
i n  the w a l l  temperature p r o f i l e s  downstream o f  the s t ru t s ,  

A small external  leak was a lso  found around the leading edge 
cap which resu l ted  i n  an unknown amount o f  f i lm-coo l ing  on 
the outs ide o f  the plug. 
data and was found t o  be very small 

This leak was ca l i b ra ted  from the 

5. Hot gas pressure measurements on the p lug surface downstream 
o f  the  primary nozzle throat  ind icated tha t  the loca l  s t a t i c  
pressure, and hence loca l  ve loc i ty ,  d i s t r i b u t i o n s  a r e  s t rong ly  
a func t i on  o f  nozzle pressure rctio,  Furthermore, the 
pressure d i s t r i b u t i o n s  are not  amenable t o  p red ic t i on  f o r  
the low pressure r a t i o s  which complicates the heat t ransfer  
ana lys is  for these operat ing condit ions. 
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APPEND I X  A - SYMBOL LIST 

The fo l lowing symbols, w i t h  consistent un i t s ,  a r e  used throughout 
t h i s  repor t ,  

A 

D 

H 

A? 
L 

F 

P 

r 

R 

T 

I3 
I 

X 

18 

area 

diameter 

f u e l - a i r  r a t i o  

distance from plug surface 

distance downstream o f  nozzle th roa t  

t o t a l  d istance along plug surface 

to ta  1 pressure 

s t a t i c  pressure 

rad  ius 

af terburner  rad  ius 

temperature 

mass f lowra te  

distance along p lug surface 

maximum distance from plug t o  primary nozzle 

angle 

to ta  1 d istance around s t r u t  surface 

dens i t y  

d i stance around s t r u t  surface 



subscr ip ts  : 

av 

C 

cor 

f s  

i n  

A 
L 

leak 

M 

m 

ITSX 

o r  

0 

P 

P r  

S 

T 

W 

average 

coolant 

corrected 

f i lm-coo l ing  slots 

i n l e t  

primary nozzle l i p  

t o t a l  d istance along p lug  surface, 43.6 in, ( 1 1 1  cm) 

leakage 

Mach number 

mass 

max i mum 

or i f  i c e  

nozzle ambient o r  back pressure 

Plug 

primary 

secondary 

temperature 

w a l l  

distance along p lug surface 

a f t e r  burner ex i  t s t a  t i  on 

nozzle primary th roa t  s t a t i o n  



APPEND 

The h igh des 
thermal d i f fe ren t  
passages i n  the a 

X B - DETERMlNATlON OF COOLANT LEAKAGE RATES 

gn outer  wa l l  temperatures and r e s u l t i n g  large 
a1 expansions between adjacent wa l l s  o f  the  coo l ing  
r cooled p lug  nozzle requi red t h a t  a s l i d i n g  seal be 

used i n  a t  least  one d i r e c t i o n - o f  the  threc-way expansion. 

In ternal  seals were b u i l t  i n t o  the inner wa l l  o f  the  p lug s t ruc tu re  
a t  p lug  s tat ions 9 and 11 ( f i g ,  2). In te rna l  seals were a l s o  requi red 
a t  the  j o i n t  between the three s t r u t s  and the p lug forward conica l  
surface, I n  an e f f o r t  t o  reduce the leakage through the metal-to-metal 
s e a l  j o i n t s ,  mineral wool packing was Inserted, 

Idea l l y ,  f o r  good heat t rans fer  data, there should be no i n te rna l  
leakage from the p lug i n t e r i o r  through the seals i n t o  the coolant passages, 
Before engine tes ts  began, a l e a k g k  r,te c a l i b r a t i o n  was made by 
pressur iz ing the plug c a v i t y  (the 1ead;nq edge impingement p ipe  shown 
i n  f i g u r e  2 was plugged w i t h  a rubber cork), 
through a l l  seals, s ta t ions  9, 1 1  and the three s t r u t  seals, was found 
t o  be excessive as shown by the top curve i n  f i g u r e  33. 

The t o t a l  leakage r a t e  

A f t e r  evaluat ing several candidate mater ia ls  i n  an oven w i t h  a 
fabr icated s e a l  sample, a syn the t ic  rubber sealant was chosen, The 
sample data obtained w i t h  the selected mate, i a l  i s  presented i n  
f i gu re  34. 
one and then a second coat i s  shown. 
leakage occurred even a f t e r  several hours and the  mater ia l  re ta ined 
i t s  res i l iency .  A slow de te r io ra t i on  o f  the sealant occurred above 
600' F and some hardening and cracking occurred a f t e r  several hours 
a t  the elevated temperatures shown. 

The leakage before apply ing the sealant and a f t e r  apply ing 
Up t o  600' F, no s i g n i f i c a n t  

It was decided tha t  the sealant could be used on the p lug  nozzle 
seals, but t ha t  operat ion above 600' F be r e s t r i c t e d  t o  shor t  durat ion 
(but long enough t o  get s tab i  1 ized temperature data) and temperatures 
no higher than 1000° F. 

The stat ions 9 and 1 1  seals were c o a l ~ l e t e l y  covered w i t h  a t h i c k  
coat ing o f  the sealant. An attempb T O  seal o f f  the s t r u t  s e a l s  was 
unsuccessful. tne  leakage shown by the bottom curve i n  f i gu re  33 was 
there fore  assumed t o  be the  leakage through the s t r u t  seals. 

During the course o f  the t e s t  program, i t  was desired t o  monitor 
the in te rna l  leakage r a t e  f o r  each data po in t  taken, This was accomplished 
by c a l i b r a t i n g  the leading edge impingement p ipe  f o r  f lowra te  as shown i n  
f igure  35. The cool ing f low enter ing the s t r u t s  (measured by conventional 
o r i f i c e  flow s ta t ions) ,  minus the f low &[>ugh the impingement pipe, 
represents the t o t a l  i n te rna l  leakage f lmv.  A l l  i n te rna l  leakage flows 
enter the  cool ing passages downstream of the impingement pipe. 



The change i n  leakage dur ing the  course o f  the t e s t  program i s  
shown i n  f i g u r e  36. 
the t o t a l  leakage a t  the  beginning o f  the program (bottom curve o f  
f i g u r e  33) from the  t o t a l  leakage when each data po in t  was taken. 
The leakage h i s t o r y  i s  p l o t t e d  against  the temperature d i f f e rence  
between the outer and inner wa l ls  o f  the p lug  which was an i nd i ca t i on  
o f  the amount o f  d i f f e r e n t i a l  expansion e x i s t i n g  when tha t  po in t  was 
taken. A t  h igh temperature di f ferences the i n te rna l  leakage increased 
markedly i nd i ca t i ng  that the seal may be opening a t  the h igh temperature 
di f ferences. When lower de l ta  T points were again run, a f t e r  the h igh 
de l ta  T po in ts  were taken, the leakage returned t o  low leve ls  i nd i ca t i ng  
a se l f -sea l ing  qua l i t y .  When the higher coolant temperature compressor 
discharge runs ( s o l i d  symbols) were made, however, the leakage ra tes  
show more sca t te r  and a f t e r  the l a s t  few runs a t  sea leve l  condi t ions 
were obtained there appeared t o  be evidence o f  a permanent increase i n  
leakage. 
shown i n  f i g u r e  33. An external  leak was found t o  e x i s t  through the 
removeable nose cap which provided access t o  the i n te rna l  impingement 
p ipe  (see f i g u r e  14). 
magnitude o f  t h i s  leak, the f low enter ing the p lug was compared w i t h  
the f l ow  leaving the p lug  ( f i gu re  37) .  
the coolant passage discharge, a choked f low parameter was used i n  
f igure  37 t o  represent the  flow leaving the plug. 

The change i n  leakage was obtained by subt rac t ing  

This  was confirmed by post run t o t a l  leakage t e s t  r e s u l t s  

To ob ta in  a q u a l i t a t i v e  determination of the  

Since the f l o w  i s  choked a t  

The data i n  f igure  37 a r e  separated by a f te rburn ing  and Ron- 
a f te rbu rn ing  runsc Plug w a l l  temperatures a re  higher dur ing a f t e r -  
burning and d i f f e r e n t i a l  thermal expansion between the cap and the  p lug 
w a l l  would there fore  be greater. 
l i nes  shown i n  f i g u r e  37 i s  the order o f  magnitude o f  the  external  leak 
dur ing a f te rburn ing  runs. The d i f ference i s  small, however, and we l l  
w i t h i n  the  data scat ter .  

Thus, the d i f fe rence between the two 
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TABLE Vf. PLUG INSTRUMENTATION (SEE FIG. 1 1) 

P 1 uq Wa 1 1 Tempera tures 

WPL-1. 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 
-10 
-1  1 
-12 
-13 
-14 
-1  5 
-16 
-17 
-18 
-19 
-20 
-2 1 
-22 
-23 
-24 
-25 
-26 
-27 
-28 
-29 
-3 0 
-3 1 
-32 
-33 
-34 
-35 

1 -36 
-37 
-38 
-39 
-40 
-4 1 
-42 
-43 
-44 
-45 

’, -46 
-47 

x/ L 

,0041 
,0341 
e 0536 . 1041 

2048 
, 2405 

,3684 
.3741 

.52 18 . 6545 
749 1 . 8705 . 9909 

.0341 . 0536 . 1041 
1352 . 2048 

.2405 
2995 
3684 

.3741 
04273 
.5218 . 6545 . 749 1 
8705 . 9909 . 2405 
2995 . 3684 . 2405 . 2995 . 3684 

a3684 
3684 

03684 . 3684 
3684 
3684 
3684 

03684 
3684 . 3684 

- 

1352 

2995 

,4273 

B 
00 
l o  5 
12.5 
17.5 
13.5 

1 a 5  

0 
0 

357 
0 
0 
0 
0 
0 
3.5 

70 
66 
65 
65 
65.5 
66 
60 
60 
59 
60 
60 
60 
60 
60 
63.5 

121.5 
120 
130 
241.5 
240 
240 

15 
45 
90 

105 
135 
150 
180 
225 
270 
3 15 

P 1 uq C o o  Ian t Tempera t ur es 

TC?L-1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 
-10 
-1 1 
-12 
-13 
-14 
-15 
-16 
-1 7 
-18 
-19 
-20 
-2 1 
-22 
-23 
-24 
-25 
-26 
-27 
-28 
-29 
-3 0 
-3 1 
-32 
-33 
-34 
-35 
-36 
-3 7 
-38 
-39 
-40 

1 

x/L 

(1 1 
0970 
(2 1 . 2405 
2995 
3627 

.4259 

.5218 . 749 1 
9909 
(3 1 
0970 . I71 1 . 2405 . 2995 

.3627 
04259 
.5218 
749 1 . 9909 

.3627 

.3627 

.3627 
3627 

.3627 

.3627 . 3627 . 3627 
e3627 
.3627 . 9909 
9909 . 9909 . 9909 . 9909 
9909 . 9909 . 9909 . 9909 
9909 

- 
15 
8.5 

19.5 
9.5 
3.5 
3.5 
2 
2 

13 
2.5 

75 
66 
64.5 
67 
63.5 
63.5 
62 
62 
73 
62.5 
18.5 
48.5 
93.5 

108.5 
138.5 
153.5 
183.5 
228.5 
273 . 5 
3 18.5 
20 
50 
95 

110 
140 
155 
185 
230 
275 
320 



TABLE Vi, (CONTINUED) PLUG INSTRUMENTATION 

Pluq inner Wall Temperatures Coo la n t S ta t i c Pres sur e 

TMPL- 1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 

8 - x/L - 
c 0950 
m3627 
3 9909 

1525 
,2361 
9682 
4045 
499 1 

3 7332 

61.5 
60 
81 
18 
8 

315 
62 
62 
73 

Hot Gas S ta t ic  Pressure 

PH PL- 1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 
-10 
-1 1 
-12 
-13 
-14 
-15 
-16 
-17 
-18 
-19 
-20 
-2 1 
-22 
-23 
-24 
-25 
-26 
-27 

7 0000 
- 1041 
E 2939 
c3627 
*3741 
m 3950 
14273 
.\4659 
.5218 
6545 
749 1 

"8705 
* 9909 - 1041 
r 1352 
-, 2405 
Q 2939 
.3627 
.3741 
* 3950 
&73 
.4659 
,5218 

(4) 
( 5  1 
(6) 

.2386 

0 
357 5 

0 
0 

14 
30 
45 
60 
75 
90 

105 
120 
131 
315 
3 00 
3 00 
270 
255 
239 
225 
210 
195 
180 
352.5 

0 
0 

35803 

PCPL- 1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 
-10 
-1 1 
-12 
-13 
-14 
-15 
-16 
-17 
-18 
-19 
-20 
-2 1 
-22 
-23 
-24 
-25 
-26 
-27 
-28 
-29 

x/ L 

"051 1 
0 097 1 

1568 
2405 
3627 

.5218 
749 1 

c 9909 
,051 1 
I 0970 

171 1 
2405 

53627 
,5218 
0 749 1 
0 9909 

(7 1 
(8 
(9 1 
3627 - 3627 - 3627 
3627 

.3627 
., 3627 
- 3627 
0 3627 
.3627 
?3627 

- 8 

15 
13&5 
1705 
1 2 4  
11-5 
13 
3 

10 
75 
68,5 
68 ,s  
68.5 
71 -5  
73 
63 
70 
45 

I80 
5 

26,5 
56- 5 

101,5 
116,5 
146A5 
161 -5 
191 95 
236 5 
281 ?5 
326,s 

- 



TABLE V'. (CONTINUED) PLUG INSTRUMENTAT I ON 

Coolant Tota 1 Pressure 

x/ L e - - 
HCPL- 1 

-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 
-10 
- 1  1 
-12 
-13 - 14 
-15 
-16 
-17 
-18 
-19 
-20 
-2 1 
-22 
-23 
-24 

. 9909 5 . 9909 22.5 . 9909 52.5 
Q 9909 65 . 9909 97.5 
-9909 112.5 
.9909 147.5 
09909 157.5 
.9909 187.5 
09909 232.5 
09909 277.5 
09909 322.5 . 3 645 105 
.3645 16.5 . 3645 46.5 
.3645 61.5 

.3645 106.5 
,3645 136.5 

.3645 181,5 

.3645 226*5 

.3645 271.5 
,3645 316.5 

-3645 91 05 

03645 151.5 

Impingement pipe, x/L = .0705 , R = 1: 
S t r u t  bypass, x/L = .2405 , R = 6" (15.24 cm) 
Impingement pipe, x/L = .0705 , R = 1" 
Plug Base , x/L = 1.000 , R = 2.54" 
Plug Base , x/L = 1.000, P. = 1.25 
Plug Base , x/L = 1.000 , R = 0 
Impingement pipe, x/L = .0705 , R = 1" 
Inside Plug , x/L = .2700 
ins ide  Plug , x/L = .2700 

(2.54 cm) 

(2.54 cm) 
(6.45 cm) 

(3.18 cm) 
(0 cm) 
(2.54 cm) 



TABLE V i .  STRUT INSTRUMENTATION (SEE FIG, 11) 

Strut  Wall Temperatures St rut  Inner Wa 1 1  Temperatures 

* TWST-1 0 0000 
-2 . 1818 
-3 .4636 
-4 ,7636 
-5 . 1564 
-6 , 0000 
-7 . 1818 
-8 . 463 6 
-9 .7636 
-10 1.0000 
- 1  1 . 0000 
-12 .1818 
-13 .4636 
-14 .7636 
-15 1,0000 
-16 .OOOO 
-17 .4636 
-18 1.0000 
-19 ,0000 
-20 -4636 
-21 1.0000 

. 13760 . 13760 . 13760 

.13760 
13760 

.45 760 

.45760 

.45760 

.45760 . 45760 . 73760 . 73760 . 73760 
73760 
73760 . 45760 

.4576O 

.45760 . 45760 

.45 760 

.45760 

00 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

1200 
1200 
120 
240 
240 
240 

TMST- 1 
-2 
-3 
-4 
-5 

WST- 1 
-2 
-3 
-4 
-5 
-6 
-7 
- 3  

0455 .42720 00 . 409 1 .42720 0 
9455 .42720 0 

.409 1 .26720 0 . 409 1 .70880 0 

Hot Gas S t a t i c  Pressure 

. 0000 . 2000 
, 463 6 . 7636 
.589 1 . 589 1 
2255 
9073 

. 5 1840 

.5 1 840 

.5 1840 

.51840 

. 40800 . 40800 

.40800 

.88000 

00 
0 
0 
0 
0 
0 

120 
120 

Coolant S t a t i c  Pressure 

$/A 
Stru t  Coolant Temperatures 

TCST- 1 ,2818 
-2 .7182 

-4 ,2818 
-5 .7182 
-6 0 909 1 
-7 .2818 
-8 .7182 
-9 . 6364 
-10 .go91 
- 1 1  .go91 
-12 .ogog 

-3 09091 

. 10720 

. 10720 

.42720 

.42720 

.42720 . 76800 

.76800 

.96000 
,42720 
.42720 . 08800 

. io720 

e 
O0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

PCST- 1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 

.0455 . 4636 
9545 

.O455 

.4636 
e 9545 
0455 

.4636 

.6364 

.16800 

.16800 

.16800 

.48800 

.48800 

.48800 . 76800 

.76800 . 96000 

00 
0 
0 
0 
0 
0 
0 
0 
0 
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Pigure 5 .- Assembled plug segment showing seal  retdner elipa 
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Figure 6 .- Assembled plug segment showing typical themocouple installatlm 
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