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FEASl B I  LlTY STUDY OF JET-FUEL-COOLED PLUG NOZZLE 

FOR AFTERBURNING TURBOJET 

b y  Francis  S. Stepka and  Rene E. Chambel lan 

Lewis Research Center  

SUMMARY 

A conceptual design and feasibility study was made of an exhaust-plug nozzle cooled 
by jet engine fuel. In the analysis of the design, the various factors that wo'uld affect 
cooling, coking, construction, and structural characteristics were considered, Factors 
particularly evaluated were coolant passage spacing, tube wall thickness, and braze 
fillet size. The aerodynamic surface of the plug consisted of a 0.813-millimeter 
(0.032-in. ) thick sheet metal shell  covered internally with equally spaced 3.15- 

millimeter (1/8-in. ) inside-diameter tube coolant passages wound in a modified helical 
pattern. Cooling tube wall thicknesses of 0.076 and 0.254 millimeter (0.003 and 0,010 
in. ) were considered. 

In the analysis, the following operating conditions for the nozzle were considered: 
engine a t  sea  level take-off conditions with and without afterburning and a t  conditions of 

flight at an altitude of 13 716 meters  (45 000 ft) a t  Mach 1.2 with afterburning. The 
afterburner gas temperature was a s  high a s  2020 K (3 177' F). 

Results of the analyses indicated that the maximum local temperature of the metal 
in contact with the fuel can be kept to 817 K ( 1 0 1 0 ~  1"). Tube metal temperatures at 
other locations a r e  considerably less .  Coking a t  even the maximum temperahre  is not 

expected to be significant for a t  least 100 hours of engine operation with low-oxygen- 
content jet fuel. Furthermore, any coke accumulated in the coolant tubes could be 

burned off by passing a i r ,  a t  temperatures around 921 K (1200' F) ,  through the tubes 
while the engine is not operating, or  by passing air through the tubes when the after- 
burner is off and the turbine exit temperature is about 983 K (1310' F). 

A weight analysis showed that the dry weight of the plug and supporting structure 
assembly when 0.076-millimeter (0.003-in. ) thick cooling tubes were used was 27 kilo- 
grams (60 lbm) and the wet weight of the assembly was 35 kilograms (77 lbm). The 
engine for which this plug was designed is an afterburning turbojet with a sea-level take- 
off thrust of 18 400 newtons (4100 lbf). 



This report describes and presents the results  of an analytical study to determine 
the feasibility of a lightweight exhaust nozzle plug cooled with jet engine fuel. A 
description of a preliminary design is presented for a fuel-cooled plug nozzle intended 
t o  be compatible with the requirements of an afterburning turbojet engine for an 
advanced supersonic aircraft.  

An important advantage in the use of a plug nozzle is its ability to maintain relative- 
ly  high aerodynamic performance over a wide range of nozzle pressure ratios when 
compared with the conventional movable iris-type nozzle (ref. 1). Other advantages 
are noise reduction and reduction of infrared radiation from the r e a r  end of the engine 
because of the relatively low wall temperatures of the plug. Disadvantages that have 
inhibited its use a r e  associated with cooling and structural support. 

One way to cool a nozzle plug is by convective (ref. 2) or  film cooling (ref. 3)  modes 
of heat "cansfer, using tertiary a i r  and bleed air from the engine compressor. This 
approach, however, can penalize the engine cycle and nozzle efficiency, depending on 
the m o u n t  and the way that cooling a i r  is used. Another cooling method is to use engine 

fuel with its large heat-absorbing capacity. With this method, the heat absorbed by the 
fuel in cooling the plug is returned to the cycle. However, there a r e  several  problems 
assocjated with fuel cooling. Those of primary importance a r e  coking, clogging, and 
possible burn-out of the cooling tubes. Other potential problems a r e  (1) high thermal 
s t r e s ses  in structural components due to the large temperature differences that exist 
between the coolant tubes and the plug shell, (2) possible carburization of the coolant 
passage material and consequent reduction in ductility for metal temperatures exceeding 
about 922 K ( 1 2 0 0 ~  F) (ref. 4), and (3 )  possible coolant flow instability accompanied by 
large pressare fluctuations (apparently caused by large temperature and density gradi- 
ents in the fuel a t  the heated surface), which can result  in potential damage to the cool- 
ant tubes (ref. 5). 

The preliminary design of a fuel-cooled plug nozzle, reported herein, was made 
compatible with maximum allowable fuel and metal temperatures. The basis for the 
t emperahre  limits was obtained from both published (refs.  6 and 7) and unpublished 
experimental investigations (by Shell Development Company under NASA Contract 
NAS3- 12432) of coking in heated tubes containing flowing fuel. 

The contour and size of the plug nozzle used in this design study was the same a s  
the plug studied in reference 8. The reference describes the nozzle in detail, and pre- 
sents its internal aerodynamic performance. The plug was designed to fit the exhaust 
section of a small  afterburning turbojet engine with a sea  level static thrust of about 
18 400 newtons (4100 lbf). 



The analysis used in this repor t  included factors  that would affect plug cooling, 

coking, s t ructural  details, and construction. Part icular  factors were coolant passage 

spacing, tube wall thickness, and braze fillet s ize.  The exhaust gas  temperatures  used 

in  the analyses were as high as 2020 M (3177' F) and 983 K (1310' F) for  a f te rburn~ng 

and nonafterburning conditions, respectively. The temperatures  of the fuel supplied to 
the plug were assumed to be 311 R (180' F) with afterburning and either 311 o r  361 K 

(100' o r  200' F) with no afterburning. The fuel was assumed to be jet A, and its scpply 
6 2 pressure  was 4.83X10 N/m (600 psia). The analysis was performed using U. S, Cus- 

tomary Units. 

CONFIGURATION OVERALL DESCR1 PTION 

The nozzle plug, i l lustrated schematically in  figure 1, is a streamlined shell of 
revolution, truncated at the r e a r  end, and situated at the r e a r  end of the engine after- 

burner  section. The plug studied here  is supported by a cantilevered tube which is 

anchored to the hub of a cruciform beam structure,  located just aft of the turbine. The 

dimensions of the plug-nozzle a r e  shown in figure 2. A m o r e  detailed c ross-  seetion 
view for the fuel cooled plug is shown in figure 3 .  

The support tube provides the res t ra in ts  necessary  to  keep the plug in position, In 
addition to  supporting the plug, the support tube provides protection and support fo.r the 

coolant tubes. Concentric to  the support tube a r e  two internal tubes. The annular space 
between the central  or  smal les t  tube and the intermediate tube provides the passagci for 

supply of the coolant fuel to  the distribution manifold at the r e a r  of the plug. The annular 
space between the intermediate tube aumd the support tube provides a duct for the coolarlt 
re turn  tubes. Finally, the space inside the smallest  concentric tube provides a duet for 
instrunaenbtion leads. 

The forward end of the plug is subjected to a m ~ m u m  gas pressure  of 244 N/cm 2 

(35. 53 psia). The shell  thickness of the plug frontal cone is 0.813 millimeter (0, 032 i n . )  

and requi res  support to prevent buckling. Figure 3 shows an internal stiffening rirg with 

T cross-section which is located about 17 .8  centimeters (7 in. ) forward of the plug noz - 
zle  throat. A support diaphragm has been provided at the throat section to Iiceep the plug 

shel l  centered with respect  to the intermediate tube and, in  addition, provide stiffening 

for  the shell. The plug shel l  behind the throat is a l so  0.813 millimeter (0.032 in. ) thick 

but requi res  no internal supports to r e s i s t  buckling since the pressures  a r e  very low. 

The internal volurne of the plug is vented overboard to  ambient pressure  conditions. 

Cooking of the plug assembly is accomplished by a single pass,  paral le l  ilow of the 

coolant which flows from a location at the forward end of the afterburner section, 

through the plug, and back to the front end of the afterburner section. The coolant is 
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Figure 1. - Plug-nozzle assembled i n  afterburner. 
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Figure 2. - Plug-nozzle dimensions. 
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Figure 3. - Fuel-cooled nozzle plug assembly. 



lurnhshed to the plug assembly though  a toroidal supply manifold located in the cruci- 

farm beam hub (fig. 3 ) .  The coolant flows from the supply manifold through the annular 

space betweein the central and intermediate tubes, within the support tube. This annular 

space is connected to the coolant distribution manifold at the r e a r  of the plug. The plug 

shell cooling tubes a r e  connected to the r e a r  distribution manifold, follow the inside sur-  

face cmtour of the shell, and return through the annular space between the support and 

intermediate tubes. The shell cooling tubes a r e  joined to the inner surface of the shell 

and support tube following a modified helical path. Constant tube spacing is maintained 

c~iergi~iirh~re on the shell and support tube surface. The tubes a r e  then connected into the 

return toroidal manifold. From this manifold the heated fuel is conducted to a valve 

which eomec$s to the afterburners or the engine combustors or both. 

CONDITIONS AND CRITER1A FOR DESIGN 

Gas and Fuel Conditions 

Three conditions of exhaust gas conditions were studied: nonafterburning and maxi- 

mum afterburning (AB) at sea  level and maximum afterburning a t  an altitude of 13 7 16 
meters (45 000 f t )  a t  a Mach number of 1 . 2 .  A summary of pertinent p a r m e t e r s  a t  

these conditions (obtained from ref.  9 )  appears in the following table: 

Total gas temperature, K (OF) 
2 Total gas pressure,  ~ / c m  (psia) 

Nozzle pressure rat io 
Englne a i r  flow rate,  kg/sec 

(lbm/sec) 
Afterburner fuel flow rate,  

k g / k  ((Ibm/hr) 
Primary burner fuel flow rate,  

kg/hr (lbm/hr ) 
Assumed fuel supply pressure,  

 ern' (psia) 
Assumed fuel supply temperature 

to plug nozzle, K (OF) 

Sea level 

maximum 
afterburning 

Sea level 

onafterburning 

310 and 367 
(100 and 200) 

VIaximum afterburning 

a t  Mach 1.2 a t  
13 716 m-(45 000 ft) 



When afterburning, the total gas temperature along the support tube (fig. 1) was assumed 

to r ise  linearly with distance as combustion proceeds. The temperature starts at a tur- 
bine exit temperature of 985 K (1310' IF) and is assumed to r ise  to the final gas total 
temperature (shown in above table) at the junction of the support tube and plug. 

The fuel pressure shown in the table was selected to be sufficiently high s o  as to  

remain above the fuel critical pressure within the plug assembly. This pressure avoids 

possible problems associated with two phase flow, such a s  increased coking (ref. 6) a ~ d  

flow insbbilities. The pressure assumed is over twice the fuel critical pressure. The 
2 fuel critical pressure and temperature a re  182 N/em (265 psia) and 653 K (716" F), 

respectively. 

When afterburning, the plug assembly is assumed to be cooled by both primary 

combustor and afterburner fuel flows. In order to provide for instant afterburner light- 
off and to avoid large transient thermal stresses in the structure flow instabilities and 

coking problems, the primary combustor fuel is assumed to be flowing through the cool- 

ing tubes even when the afterburner is not lit. For this condition heat-transfer calcula- 

tions were made for the two fuel supply temperatures shown in the previous table. The 
higher temperature is considered because the primary fuel is often heated in engine 

lube-to-fuel and hydraulic fluid-to-fuel heat exchangers prior to being burned, 

Cr i te r ia  l o  L imi t  Coking and Carbur izat ion 

The d i m e t e r  of the shell cooling tubes was chosen to be small enough to provide a 
sufficiently high fuel- side heat-transfer coefficient, but large enough to provide a low 

probability of becoming choked with solid deposits from the fuel. A tube inside diameter 
of 3.15 millimeters (about 1/8 in. ) was selected since satisfactory results with about 

this diameter were obtained in tests reported in references 6 and 7. In the tests of ref- 

erence 6, heated tubes of 3.18 millimeters (1/8 in. ) inside diameter with jet A Fael flow- 
ing for periods of 20 hours showed only slight coking with wall temperatures up to '755 K 

(900' F )  and bulk fuel temperatures of 644 K (700' F). Tests results reported in refer- 
ence 7 showed that more costly, highly refined paraffinic fuel, IF-71, can be used at b u k  

temperatures in excess of 811 K (1000' I?) and even higher wall temperatures without 
excessive coking for several hours. 

Recent and more encouraging results with low-oxygenreontent (about (8.5 ppm) jet A 

fuel flowing through heated tubes (as yet unpublished) were obtained by Shell Develop- 

ment Company under contract to NASA (Contract NAS3-12432). As part of the study, 
6 flowing fuel was subjected to a heat flux of 1.635X10 J per second per square meter 

2 (1 Btu/(sec)(in. )) for 100 hours during which the average tube wall temperature was 
about 978 K (1300' F) and the outlet fuel temperature was 811 K (1000' F). Although 



pressure flut:tuations (similar to those observed in ref.  5) were obtained after 50 hours 
and persisted until the 75th hour, the tubes completed 100 hours of operations. Exam- 
,.~~.at?%ion of the tubes indicated that the coke deposit was less than 0.025 millimeter 
(0,006 jn. ) thick. 

Based on these results and those in references 6 and 7, operation of a fuel-cooled 
plug nozzle for at least 100 hours without significant coke deposit can be expected if the 
maximum fuel tube inside wall temperature and the fuel exit temperature were limited 
to 922 and 755 K (1200' and 900' F). These temperatures were considered to be the 
allowable design Kmits. 

The number of cooling tubes wound around the plug was selected to provide for a 
Pwo or three tube diameter lateral spacing (fig. 3) and to provide turbulent flow (Reynolds 
.szmber above 2300) a t  the tube entrance. Thus, there were 50 tubes for the two- 
dimeter  and 34 tubes for the three-diameter lateral spacings between tubes. The cal- 

3 5 culated fuel Elow Reynolds numbers ranged from 2.5XPO to 2.0XlO . The fuel velocities 

isa the tgbes :ranged from 1.1 to 7.3 meters per second (4 to 24 ft/sec). 

C r i t e r i a  for S t rudce ra l  Design 

Design loadings. - Typical design loadings for the plug nozzle considered were - 

assumed to be 
2 (1) Mterbusner c h m b e r  pressure, 34.5 ~ / c m  (50 psia) 

2 (2) Steady state fuel pressure, 413 N/cm (600 psia) 
2 (3) Peak fuel pressure, 621 N/cm (900 psia) 

(4) Plug internal pressure, mb ien t  atmospheric 
(5) Longitudinal acceleration, I0  g's 
(6) Lateral acceleration, 4 g's 
Pdechaaaieal properties of materials of construction. - The materials of construction 

for the plug shell and fuel tubes were assumed to be from the class of high-temperature, 
high-strength nickel-base superalloys such as Reng 41. The braze material was 
a,ss-e;lrmed to be a nickel manganese alloy such a s  Nicrobraz 230 (Wall Cohonoy Corp. ). 
IS was also assumed that the joints transmit working forces between adjacent parts in the 
assemblies without yielding. 

DETAILS OF CONSTRUCTlCN 

Construct ion and Assembly 

:Locating the cooling tubes on the inside surfaces of the plug and support tube pre- 
sents difficult fabrication and assembly problems. A method has been developed, in 



theory, for fabricating assemblies of plug shell elements, support tube elements, and 
cooling tubes in the form of flat, curved str ips of a particular shape. The cooling tubes 
are  brazed to that side of the str ip that will be inside the plug, or support f.ube, when 
assembled. The plug shell and support tube is formed by wjin&ng a full. set of strip-to- 
tube assemblies on a mandrel, and then welding the faying surfaces of adjacent strips. 
A cross-section normal to the plug shell and cooling tubes is shown in figure 3. This 
view shows the tube-to-shell braze and the strip-to-strip welds. 

The mandrel used to support the str ip to tube elements must be removable after 
assembly is complete. One method of construction would be to assemble all the plug 

internal members and then cast a mandrel of a low melting alloy or plaster of par is 

around these parts to form the shell surface of revolution. Suitable grooves vsould be 

formed in the cast mandrel to receive the coolant tubes and support the strip-to-$;~~be 
assemblies during welding. After welding, the mandrel material would be removed by 

melting or dissolution, a s  appropriate. The next step in the assembly would be to  joian 
the plug and support tube assembly to the forward end manifolds and to the cruciform 
support beam. The coolant-tube assembly a t  the rear  fuel supply manifold can be made 
by field brazing the tubes into prepared counterbores in the manifold. 

Geometry of Cooling Tube and Shell Assern blies 

The geometric definition of the curves required to produce the elemental strips that 

make up the plug shell is described in detail in reference 10. In principal, the shell s u r -  

face is divlided into continuous strips, from one end to the other, in a form that looks 
like a helix. The width of the str ips can vary from str ip to strip; however, in pra-etice 
they would be assumed to be narrow and equal. The method for developing these atrips 
is briefly described in the following. 

The definition of the plane curved str ip of the plug shell surface requires that the 
shell surface be developed onto a plane in a particular way. The plug shell surface is a 
double curved surface of revolution and therefore cannot be developed exactly on to a 
plane. An approximate method for aceompliskng the development can be done in two 
steps. First,  the surface of revolution is divided into a ser ies  of segments along the 
axis of symmetry, where these segments a r e  approxhated by developable surface ele - 
ments such a s  cones and cylinders. The second step is to . s u b d i ~ d e  the developed 
approximating-surface-elements into ribbons of equal widths. The ribbon centerline for 
the entire plug is composed of a sequence of involute curves where each involute is asso- 
ciated with a particular plug segment. Each involute in the sequence is made tangent to 
the precedhg involute, thus forming a composite involute curve. With the composite 
involute curve a s  the ribbon centerline, a continuous developed surface element of the 



surface 01 revolution is formed. Accuracy of the shell contour produced by this method 

irnprcves as the number of surface segments and involute str ips increase. 
The geometries of the cross-sections normal to the flow paths of the cooling tubes in 

the plug and in the support tube a re  shown in figure 4. The cooling tubes had an inside 
diameter of 3.15 millimeters (about 1/8 in. ). A wall thickness of 0.076 millimeter 
(0- 003 in, was used for the majority of the analysis. The effect of increasing the wall 
ti~iekness to  0.254 millimeter (0.010 in. ) was determined. The tubes a r e  shown as being 
bonded to the walls of the plug and support tube by two a o u n t s  of braze. The large 
m o u n t  of braze extending to 1.52 millimeters (0.06 in. ) from the tube centerline is con- 
sidered to be the full braze condition. The other one in which the braze extends only 
0-5 1 ~nillirneter (0.02 in. ) from the tube centerline is considered to be the minimum 
braze condition. These two m o u n t s  of braze were selected as representing Emits that 
could occur, depending on the manufacturing procedure rather than structural considera- 
tions. Variations in braze size along the tube lengths can be controlled by the selection 
of particular assembly methods. For example, brazing of the tubes to flat s tr ips in a 
horizontal. position provides greater control of braze fillet size than when part of the 
assenbly ppearmits the fillet to run in a vertical direction. These two limiting moun t s  of 

braze were considered in the heat transfer analysis to evaluate the effect of braze quan- 

4.96 mm (for 3 d i a m  tube spacing 
(0.195 in. ) 

3.3 mm (for 2d iam tube spacing) 

--------- (0.130 in. ) 

I 7 0.81 mm 
1 1 1 (0.032 in. ) 

Cooling tube inside diameter 
3.15 rnm (0.124 in.  ); wall thickness 
either 0.076 o r  0.254 mm 
(0.003 o r  0.010 in. 

Figure 4. -Cross sections normal to fuel  flow path through fuel-cooled plug nozzle. 



tity on metal and fuel temperatures. Joining the tubes to the plug shell by brazing was 
selected for this study because it appears to be feasible for a prototype model, Other 

bonding methods may be devised which might simplify construction of a production type 
of nozzle. 

Two spacings for cooling tubes were considered in this study. Figure 4 shows a. 
two-tube and a three-tube diameter spacing. These spacings were considered in the 

heat-transfer analysis to assess  the effect of tube spacing on metal temperatwes, 

METHOD OF ANALYSIS 

Heat Transfer 

The computer program of reference 11 was used to determine the temperature rise 
in the fuel a s  it flows through the cooling tube and the metal temperature distribution in 
the cross sections of the shell and cooling tubes of the plug and support tube. 

I 
Line of 

L /~ross-hatch ing indicate assumed 
adiabatic surfaces 

Figure 5. - Heat-transfer model. 



The fuel. $'Bow paths in the plug and support tube were each &vided into 10 equal 

lengths and a heat balance was made for each length. The heat-transfer model for the 

tube cross section including typical node breakdown is shown in figure 5. The heat flux 

into the plug or  support tube shell would, in general, include convection from the hot 

gas %, radiation from the gas flame qrp and radiation interchange with tailpipe walls 

or other boundaries cli,w. In the analysis reported herein al l  the above heat fluxes were 

considered for the support tube. Radiation interchange with the plug, however, was not 

considered, The effect on fuel and tube wall temperatures was small, about 95' K 

(30" F . 
The various heat inputs a r e  conducted through the plug or support tube shell, through 

the braze material, though and around the cooling tube wall and finally into the fuel. 

In tne heat transfer model it was assumed that the convective heat flow within the plug 

and saqport tube e a ~ t y ,  heat conduction along the length of the tube and shell, and the 

radiation ilatesrehange between the cooling tubes would be negligible. Therefore, a s  

shown in figure 5, the inner surface of the plug or support tube wall, the outer bound- 

axes  of the braze material, and the outside surface of the cooling tube were assumed 

adiabaeic The cooling tubes and shell materials were assumed to have a thermal con- 

ductivity 01 20.8 J / ( s e c ) ( m ) ( ~ )  (62 ~ t u / ( k ) ( f t ) ( O ~ ) ) ,  and that of the braze material 

43, 4 J/(sec)(rn )(K) (25 ~ t e a / ( k s ) ( f t ) ( ~ ~ ) ) .  

The convective heat flux q into the plug or support tube shell for each incremental 
g 

length of cooling tube was obtained from the equation, 

The -key.rns are defined in the appendix. The gas-to-wall heat-transfer coefficient h 
g 

was calculated by the method of reference 62. This method simultaneously solves the 

iniegrsl momten- and energy equations of the boundary layer in conjunction with a 

ni.sodifii?d 170n &rmin momenhm-heat analogy. The local Mach n m b e r ,  total gas tem- 

perature and pressure, plug geomeky and local wall temperature, and the initial 
momerat~m bomdary-layer thickness a r e  required input data. An estimated wall outside 

surface temperature of 923 K (1200' F) and an initial momentm thickness of 0.025 mil- 

Iimerer (0.001 in. ) were assumed. Repetition of the boundar y-layer calculation using 

revised outside wall surface temperatures indicated that the effect of wall temperature 

on the coefficient was negEgible; therefore, no further iterations were made. The 

initial rn omen- tkckness assumed is considered conservative. Also, its effect decays 

after about 50.8 millimeters (2 in. ) along the support tube. As a consequence, its effect 

on thia study is insignificant. 

The effective gas temperature T was determined from the following equation 
ge 

horn reference 12. 



where A = Pr  and P r  assumed constant at 0.7. The value of T w a s  the aver- 
g g ge 

age bulk effective gas temperature for each incremental length of the cooling tube, This 
assumption is conservative when afterburning in that a radial profile generally exists 
with the temperature near the wall being less than the average value in the passage 
(about 194 M (350' F) as obtained experimentally in ref. 2). 

The radiation heat flux from the flame to the support tube qrf was determineil 

frorn the following equations (ref. 13); 

and 

where for simplification the local fuel-air ratio f was assumed to be constant and the 
flame temperabre Tf was assurned to be constant at the final afterburner gas tempera- 
ture. Also the wall a b s o r b t i ~ t y  cr was assumed to be 0.8. 

The ra&ative heat flux interchange between the support tube and tailpipe wall qrw 

was determined from the following equations (ref. 13): 

all 6 

and 

The partial pressure of the radiating gas p was determined from the following equa- P 
tion obtained from reference 14. 



It was  a s s m e d  that for maximum afterburning, the afterburner liner wall would be 

;at a temperature of 923 K (1200' F) a t  the cruciform beam and then increase linearly in 

the direction of gas flow to a temperature of 1200 K (1700' F) at  the end of the support 

an3 then remain constant. The emissivities of the liner wall and support tube walls cw 

were assumed to be 0.8. 

The convective heat flux into the fuel for each incremental length of cooling tube was 

obtained from the relation 

where the heat-transfer coefficient for the liquid fuel flowing in the tubes was obtained 

from the correlation equation: 

obtained from reference 15 with a kerosene-type fuel. 
2 The supply pressure of the fuel was assumed to be 413 N/cm (600 psia), which is 

2 sufficiently above the critical pressure (182 N/cm (265 psia)) so  that the pressure drop 

in the cooling tubes was not expected to reduce the pressure below critical. As a con- 

sequence, the fuel remains a liquid until it is heated above the critical temperature of 

653 K (716" F), Above this temperature the heat-transfer correlation (ref. 16) was used 

for gaseous fuel: 

Tlae effect of tube curvature on the heat-transfer coefficient, was not expected to be 

large (ref. 15) and was neglected in the present analysis. The fuel Reynolds number and 

Prandtl nwimbers and the thermal conductivity in equations (9) and (10) were evaluated at  

fuel bulk temperature conditions. The fuel viscosities in the numerator and denominator 

of equation (10) were evaluated at  fuel bulk temperature and inside tube wall temperature, 

respectively. The fuel property values (liquid and gaseous state) were obtained from 

the Shell Development Company (NASA Contract NAS3-12432) and a r e  shown in table I. 



TABLE I. - JET-FUEL PROPERTIES 

(a)  Liquid 

(b) Gas (405 N/cm2 or  40 atm) 

. . . . . . . . . .  

Specific heat, J/(g)(K) (~tu/(lbm)('F')) . . . . . . . . . . . . . . . . . 3.85 (0.92) 



For the analysis conducted herein, the entrance effects were neglected and fully devel- 

oped t:~r"saclent flow conditions were assumed throughout the cooling tubes. The entrance 

to  the cooling tubes is located at the r e a r  of the plug. Here, heat t ransfer  from the gas 

tc the fuel begins. The temperature of the inside tube wall TwF was found by averag- 

ing the peripheral temperatures  for  each incremental cooling tube length. The fuel tem - 
peratare TF is the bulk temperature for  the incremental length of cooling tube. 

TGie t e ~ ~ p e r a l u r e  r i s e  in  the fuel ATF for  each incremental length of cooling tube 

was obtained from the heat balance: 

Average fuel and local meta l  temperatures  were determined for  each of the 10 in- 

cremental lerlgths of cooling tubes in both the plug and the support tube. The local meta l  

SemperaLures were determined for each of the nodes in the nodal breakdown of the cool- 

ant passage c r o s s  section shown in figure 5. The three node locations where the tem- 

peratures a r e  of the most  interest  a r e  the surface nodes indicated by the le t te rs  A, B, 

and C! in the figure. These nodes represent  the points at which the maximum surface 

temperature in contact with the gas,  the maximum surface temperature in contact with 

the feel, and the lowest c ros s  section meta l  temperature would exist. 

Pressure Drop 

The pressure  drop in the fuel was determined between a point in the toroidal fuel 

aistribution manifold at the r e a r  of the plug and a point after the fuel has cooled the 

plug and support tube before entering the re turn  manifold. This pressure  drop included 

(1) the entrance loss  into the cooling tube from the toroidal supply chamber a t  the r e a r  

of the plug; Ape, (2) friction pressure  drop A h ,  and (3)  momentum pressure  drop Ap, 

Thege pressure  drops were determined by the use  of the following equations, adapted 

from reference I?. 



where 

and 

Structure 

Elementary strength of materials theory was used in determining the typical ckrnen- 

sions of the structural elements. Buckling of the plug shell, due to the exkernal gas 
pressure, is prevented by fastening support rings Lo the inside surface. The design 

2 pressure load supported by the plug shell was assurned to be 34.48 N/cm (50 psia) up to 
the throat and diminished linearly to zero at the rear  of the plug. The spacing of the 

support rings was determined by using buckEng criteria for short cylindrical shells 

under external pressure where the cyfinder diameter is taken to be equal $01 the large- 
end diameter of the conical shell. This approach provides a conservative result since 
the conical shell would be stiffer than the assumed cylindrical shell. The first natural 
frequency in the lateral mode of vibration of the plug assembly was obtained by assuming 
the support tube to be a simple cantilever beam extended to the center of gra~ty of the 

plug. The mass supported a t  the end of this beam was taken a s  the sum of the plug mass 
and three-eighths of the mass  of the support tube assembly. The method used for 
accounting for the mass of the beam is presented in reference 18. The loads caused by 

the lateral and longitudinal accelerations due to aircraft motions were applied as stati- 
cally equivalent loads. 

Thermal stresses and strains were calculated by the methods given in reference 19, 
Temperatures in the shell and tubes were assumed to be constant tbough the material 
thickness and equal to the average between the inner and outer surfaces at every location, 
The shell and tube assembly was uncoupled a t  the braze joint and the deformations cal- 
culated for the shell and tube a s  separate elements. Since the shell is much stiffer than 
the tubing, it  was conservatively a s s u e d  that the deformation of the tubes would be 



governed by the shell. The mismatch due to relative deformations between the shell and 
tube was then used to calculate the resulting strain and s t ress  in the tube. 

RESULTS AND DISCUSSION 

Temperature Dis"cribution at Shell and Tube Cross Section 

The ealeuhted metal temperature distribution for increments of Lube length near the 
nozzle throat .is shown in figure 6. Temperatures a r e  shown for conditions of m a x i m u  
afterburning at sea level with the plug having the cooling tubes with the 0.076-millimeter 
(0- 003--in, thick walls spaced a t  two diameters and with full or minimum braze between 
the plug shell and coolant tubes. The figure shows that the m a x i m u  temperature of the 
plug ssheln in contact with the gas, a s  expected, occurred midway between the cooling 
kabes a t  node .A. The temperature at  this location was 807 K (991' F )  for the full braze 
condition and 1049 K (1430' F )  for the minimum braze condition. The maximum temper- 
ature at  the inside wall of the cooling tubes is seen to occur a t  the centerline of the tube 
at node B, The temperatures a t  t h i s  location for full and minimum braze conditions 
were 662 K (732' F )  and 820 K (101'7~ F), respectively. The corresponding fuel temper- 
atures were 519 and 468 K (475' and 383' F), respectively. 

Of interest in figure 6 is the rapid reduction in the metal temperature of the inside 
surface of the cooling tubes at small peripheral distances from the hot spot, and the 
magnitudes sf the metal temperature differences. The first is important, particularly 
at conditions of minimum braze, because of the reduction of the coking problem at  only 
small distances from the maximum surface-temperature point, and the second is impor- 

ta,kist because of the strains that can be induced by the temperature differences and the 
possibi!e distortions of the parts that might occur. At a distance of only about one-eighth 

of a h b e  e i r cu f e r ence  from the tube centerline, the surface temperatures dropped 
from their m a ~ m u m  values by about 17 and 278 K (30 and 500 F'), for the full and min- 
i m ~ ~  braze con&tions, respectively. The extreme in metal temperature differences 
for the cross sections shown in figure 6 occurs between the extreme in plug shell sur-  
face temperature (node A) and the lowest temperature on the inside wall of the cooling 
tube (node C). The temperakre  at  this node is essentially a t  the local fuel temperature. 
AS shown in figure 6, the temperature differences between these node locations were 
288 K (516 F") and 581 K (1047 F') for the full and m i n i m u  braze conditions, respec- 
t i .  The temperature differences at  these nodes a r e  even larger at  the fuel inlet 
station even though the local metal temperatures a r e  lower. At the fuel inlet this tern- 
perature ~ f f e r e n c e  was 630 K (1133 F') for the minimum braze condition and 361 K 
(649 F") for the full braze condition. The effects of these temperature gradients on 
thermal s t ress  levels a r e  discussed later. 
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(a) Ful l  braze condition. 
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(b) M in imum braze condition. 

Figure 6. -Metal temperatures i n  cooling tubes and shel l  of plug i n  region of nozzle throat. Conditions 
Maximum afterburning at sea level; cooling tubes spaced at 2 diameters; tube wall thickness 0.076 
mill imeter (0.003 in. 1. 



Tern peraltures Along Path cal Cooling Tubes 

The changes in the bulk fuel temperatures and the maximum metal temperatures in 

the shell1 gas-side surface and inside surface of the cooling tubes a r e  shown in figures 7 

to 12  f ~ ~ r  various conditions of engine operation, braze m o u n t s  between shell and cool- 

ing tubesj cooking tube lateral spacings, tube wall thicknesses, fuel inlet temperature, 

and gas ter~perature  near wall. 

Ma-xirnwmi afterbbrning a t  sea Bevel. - At this engine condition, the maximum metal - 
temperatures at  the outer surface of the shell and inner surface of the cooling tube 

(nodes and B, respectively, in fig. 5) generally occurred near the throat of the plug 

f a r  the tubes spaced a t  either two or three diameters as shown in figure 7. The effect 

of tube spacing is seen to be small on comparing the two figures, except for node A. 

The efleet ~f the amount of braze material is large. For the full braze condition the 

m a x i m a  temperature at node B was about 683 K (770' F )  for both the two- and three- 

hibe spacing, At the minimum braze conditions this temperature increased to about 

819 K :1015" .F) for both tube spacing. These temperatures indicate that even for the 

=ini rnm braze condition adequate cooling of the metal was attained so  that at least 

100 hours of operation at  this engine condition may be expected without significant coking 

based on experimental results of Bow-oxygen-content jet A fuel flowing through heated 

tubes, Also significant earburization and loss of ductility of tube material is not ex- 

pected because this problem is not expected to be serious at temperatures below 922 K 
(1208" F). 

Both the lube spacing and the amount of braze material have a large effect on the 

maximum surface temperature of the plug assembly shell (node A). At the two-diameter 

tube spacing, figure 7(a) indicates that the maximurn temperature a t  node A was about 

805 and 3.050 K (990' and 1430' F )  for the full and minimum braze conditions, respec- 

tively. At the three-diameter Lube spacing, figure 7(b) indicates the temperatures a t  

t b ~ s  nrsde location to be 1005 and 1250 K (1350' and 1790' F),  respectively. These 

hrgher s h e l l  metal temperatures and the larger temperature differences between nodes 

A a?ad B for the tlaree-diameter tube spacing compared with the two-dimeter tube spac- 

ing favor the selection of the two-tube diameter spacing for cooling the specific plug 

assemlbly considered herein. As a consequence, most of the analysis which is reported 

herein was limited to a plug assembly with cooling tubes spaced a t  two diameters. 

Fsgure 9 indicates that the fuel remained a liquid in flowing the length of the plug 

assem13ly. The fuel exited at  a bulk temperature of 602 and 629 K (624' and 673' F) for 

the min.aimw and full braze eon&tions, respectively, for the cooling tubes spaced at  

two diameters. These temperatures at  the th ree -&meter  spacing were 585 and 622 K 

(594" and 659" F), respectively. 
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Figure 8. - Effect of tube wall thickness on temperatures along tubes. Condi- 
tions: maximum afterburning at sea level; minimum braze between shell and 
tubes; two-diameter tube spacing. 

The effect of increased cooling tube wall thickness on metal and fuel temperatures 
along the fuel flow path is shown in figure 8. The data a r e  shown for maximum after- 
burning at  sea level and for minimum braze between cooling tubes and shell. Increasing 

the hibe wall thickness from 0.076 to 0.254 millimeter (0.003 to 0.010 in. ) reduced the 
temperahres at nodes A and B by as much a s  106 and 133 K (190 and 240 FO). This 
reduction in temperature occurs a t  the cooling tube inlet and becomes progressively less 
along the tube path. At the tube outlet there was essentially no reduction in the temper- 
ature at node A and only about 28 K (50 FO) reduction at node B. The increased wall 
thickness increased bulk fuel temperature by only about 6 K (10 FO). Because the mini- 

mum. coolant tube wall temperature (node C in fig. 5) is essentially equal to bulk fuel 
temperahre,  the maximurn temperature difference across the shell and tube cross sec- 
tion (nodes A and C) is reduced from 630 to 535 K (1133' to 960' F) or a reduction in 
th i s  temperature difference by 95 K (173 F'). Also, this reduction in temperature gra- 
dient across the shell and tube further re.duces the thermal s t resses  and leads to a more 
conservative and somewhat heavier design. 
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Figure 9. - Effect of gas temperature near wall on temperatures along tubes. 
Conditions: maximum afterburning at sea level; minimum braze between 
shell and tubes; tube wall thickness, 0.254 mill imeter (0.010 in. ). 

The predicted metal and fuel temperatures in this report were based on a eon~;e.;peetive 
heat flux from the gas using the bulk gas temperature. Because a radial temperature 
profile will generally exist in the gas passage, the effect of a reduction of 194 K (350" F) 
in the gas temperature adjacent to the wall (such as obtained in ref. 2) was determined, 
and the results shown in figure 9. Calculations were made for max imm afterburning 
at sea level, with two-tube diameter spacing and minimum braze between shell and coon- 
ing tubes, and for tube wall thickness of 0.254 millimeter (0.010 in.).  The assumed 
reduction in gas temperature reduced temperatures at node A and B by a s  much a s  56 

and 33 K (100 and 60 IFo), respectively. The bulk fuel exit temperature decreased by 

17 K (30 F'). The maximum metal temperature difference across the shell and tuI5e 
cross section (nodes A and C, where temperature of node C is essentially equal to bulk 

fuel temperature) was reduced from 535 to 483 K (960' to 870' IF), or a reduction of 
this temperature difference by 52 K (90 F'). 

Maximum afterburning at Mach 1 .2  and 13 716 meters (45 000 ft) .  - Calculated tern - 
p e r a k e s  at nodes A and B at this selected engine condition (fig. 10) were lower than 

for maximum afterburning a t  sea  level. These results would indicate that the sIig~?tly 
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Figure 10. - Temperatures along tubes from rear of plug for maximum after- 
bu rn i ng  at Mach 1.2 and at an altitude of 13 716 meters (45 000ft). Fuel 
in le t  temperature, 311 K (100" F); two-diameter-tube spacing; tube wall 
thickness, 0.076 mi l l imeter (0.003 in. ). 

I,aT;wer gas total. temperature and lower heat-transfer coefficient combined to more than 

offset the Bower fuel flow rates at the maximum afterburning at the selected flight condi- 

tson compared with the sea-level condition. The maximum temperatures at  the inside of 

t h e  cooling tubes was about 694 and 778 K (790' and 940' F) for the full and minimuan 

braze condition, respectively. The associated maximum plug outer shell surface tem- 

peratures were 7'44 and 880 K (880' and 1125' F), respectively. 
The fuel also remained a liquid in flowing through the plug assembly for these engine 

conditions, The exit fuel bulk temperatures were 633 and 61 1 K (670' and 640' F) ,  

respectively, 

No afterburfing a t  sea  level. - For this engine condition all the primary combustor 

fuel was used to cool the plug. The calculated temperatures at this engine condition a re  

shown in figure 11 for the full and minimum braze conditiops for the assumed fuel inlet 

temperatures of 311 K (100' F). The effect of increasing fuel inlet temperature to 367 K 
(2580' F) is shown in figure 12. As mentioned earlier,  the purposes in flowing fuel 

through the plug assembly at this engine condition a r e  (1) to provide filled cooling tubes 

and fuel lines to give rapid response of the system for rapid afterburner light-off, (2) to 

avoid excessive transient thermal s t resses  in the structure, and (3) to eliminate flow 

instabilities a.nd coking that may result upon afterburner light-off. Cooling of the plug 
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F igure  11. - Temperatures a long tubes f rom rear of p lug  f o r  condi t ions of n o  
a f te rburn ing  a t  sea level. Fuel i n l e t  temperature, 311 K (100" F); two- 
diameter-tube spacing; tube wall thickness, 0.076 mi l l ime te r  (0.003 in. ). 

shell assembly was not expected to be a problem. 
The calculations produced some interesting results. The fuel (fig. 11) leaves the 

plug assembly a s  a gas a t  652 K (713' F) for the minimum braze tubes and at 771 4K 
(826' F) for the full braze tube even when the fuel inlet temperature was 3 11 K (100" Fj. 
For the full braze condition, the fuel becomes a gas at  a point about 4.57 meters 
(I80 in. ) from the rea r  of the plug along the fuel path. At this location the fuel-side 
heat-transfer coefficient decreases with an attendant rapid r ise  in the inside tube wall 
temperature. Figure 11 shows that the maximum inside wall temperahre (node B) for 
the full braze tubes exceeds that of the minimum braze tube in which the fuel only be- 

comes a gas a t  the exit. Thus despite the lower gas total temperature of 985 K (1310" Fj 
with no afterburning compared with 2036 K (3177' F)  with afterburning, the reduced 
fuel flow in the plug assembly when not afterburning results in higher fuel temperature 
r i ses  and higher inside wall temperatures than when afterburning. Figure 18 sho.8;~~ that 
for the 311 K (100' F )  fuel inlet temperature the maximum metal temperature for node B 
was 817 K (1010' F) for the full braze tubes and 800 K (980' F) for the m i n i m u  braze 
tubes. These results indicate that the effect of the m o u n t  of braze on the inside wall 
temperatures a t  this engine condition is not large. Even at these temperatt~res, hsw- 

ever, coking is not expected to be significant for at  least 100 hours of engine operation. 
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F igure  12. - Effect of f u e l  i n l e t  temperature o n  temperatures a long tubes. Condi- 
t ions: n o  a f te rburn ing  at sea level; f u l l  braze between she l l  and tubes; two di -  
ameter tube spacing; tube wall th ickness,  0. 076 mi l l ime te r  (0. 003 in. ). 

T e m p e r a ~ ~ r e s  a r e  lower away from this point along the fuel flow path or around the 

periphery of Ithe cooling tube. As an example, a t  a peripheral distance of less than one- 

i ~ u r t h  of the tube circumference the surface temperature dropped 76 K (137 Fo) below 

the rnax1rnu.m value. 

Because the sea-level, nonafterburning condition is limiting relative to coking 

deposits, it is fortunate that the period of time spent a t  this engine condition is small. 

It is also fortunate that increases in inlet fuel temperatme do not have a large effect on 

rnaXimum inside tube wall temperature, which would further aggravate the problem. 

As show= in figure 12 increasing the fuel inlet temperature from 3 11 to 367 K (100' to 

200" Fj for a full braze tube condition resulted in the maximum inside wall temperature 

increasing by only 10 K (20 F'). When the fuel entered the plug assembly at  367 K 

(200" F), it exited at  a temperature of 738 K (869' F). 

The plug assembly shell temperatures, which a r e  not expected to be a problem at  

the relatively low nonafterburning gas temperature, reached a maximum value (node A 
-ar;. figs. 11 and 12)  of about 889 K (1140' F).  

The results obtained at sea-level nonafterburning condition indicate that the primary 

combustor would need to be designed to burn gaseous fuel. When the afterburner is lit, 

,lowever, the fuel exits from the plug assembly a s  a liquid. As a consequence, a 
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scheme is needed that would avoid the complexity of a dual (liquid and gas) injection 
system for the primary burner and the problems associated with the metering of the 

fuel in two phases. One possible scheme is to take the portion of the liquid f ~ e l  from 
the plug assembly that is designated for the primary combustor and permit it to  dwell 
within the cruciform support bean so  that it  would pick up heat and become a gas, 
Another possible scheme would be to reduce the heat flux into the fuel and keep i t  a 

Kquid. This, as an example, could be done by use of a ceramic coating or a d o ~ b l e  

outer shell construction. 

Fuel Pressure Drop 

The calculated fuel pressure drop between the fuel supply toroidal chmrber at the 

rea r  of the plug and the cooling tube exit was small. The maximum pressure drop 

occurred for the cooling tubes spaced at three diameters. This higher pressure drop 

was due primarily to the higher flow rate per tcbe that resulted when 34 tubes were 
used for the thee-diameter tube spacing instead of the 50 tubes used for the two- 
d i m e t e r  Lube spacing. At the three-diameter tube spacing with the plug nozzle operat- 
ing at maximum afterburning a t  sea level, the fuel pressure drop was 54 Bi/cm2 (79 psi). 

The effect of full or minimum braze on the pressure drop was small since the pressure 
drop was primarily due to friction. For the two-diameter tube spacing a t  this nozzle 

2 condition the fuel pressure drop was 26 N/cm (38 psi). The fuel pressure drops wit11 
m a x h u m  afterburning at Mach 1.2 a t  an altitude of 13 716 meters (45 000 ft) and for 

2 nonafterburning at sea level were approximately the s a n e  at 4.8 ~ / c m  (7 psi) with the 
cooling tube spaced a t  two diameters. 

The s t ress  analysis made in support of the design showed that, a t  a design peak 
2 fuel pressure of 62 1 N/cm (900 psia), the hoop s t ress  in the coolant tube wall sniearld be 

2 13 450 N/cm (19 500 psi). The maximum bending s t ress  in the support tube, for a. 
lateral acceleration of four times the acceleration of gravity was 10 620 N/em 2 

(15 400 psi). The stiffening ring for the frontal cone on the plug was located s o  2s to 
2 give a 50-percent margin of safety on the design pressure of 34.5 ~ / c m  (50 psia). The 

f i rs t  natural frequency of the plug-support-tube assembly, in the lateral mode of v5bra- 

tion, was determined to be 15 hertz. 
The s t ress  levels due to pressure and acceleration loadings a re  low enough so that 

the sele ction of materials of construction, from available high-temperature alloys, pro- 
vides some flefibility. A material with an elongation property of 20 percent or  better 



should p r o ~ d e  adequate capability to accommodate localized yield stresses at discontinu- 
ities, should they exist. 

Tempr;a%ure distributions as  shown in figure 6, for throat region, a re  quite repre- 

sen;katiri7e and indicate a potential thermal s t ress  problem. Conditions at the rear  end of 
the plug are more severe than those at the throat. For maxirnum afterburning at sea 
level the temperature gradients associated with the minirnum braze case (most severe 
condktion] can produce yielding in the tube wall a t  the braze joint. Plastic deformation 
in tension of the hbing a t  the joint was calculated to be about 0.8 percent for the mini- 
m~ braze ease, Further, for engine shutdown and return of tubing to armbient temper- 
atures, compressive yielding of about 0.3 percent in the tubing is predicted. This indi- 
cates potential failure by a ratcheting mechanism. At the rea r  of the plug for the full 
braze ease, a permanent set  of 0.13 percent was calculated for the tube with no yielding 
on cooling to mb ien t  temperature. This indicates no problem with a life limiting situ- 
ation as for the minimum braze case. For all conditions considered in this work no 
plastic deformation of the plug shell was revealed by the analysis. 

The foregoing results were for a cooling tube thickness of 0.076 millimeter 
(0,003 in, ), This thickness selection was governed by that required to sustain the fuel 
pressure and m i n h i z e  weight. Special handling precautions must be observed in work- 
ing with this size of tubing to prevent 

The effect of increasing tube wall thickness to 0.254 millimeter (0.010 in. ) results 
in rediuctions of the maximum metal temperature differences. These reductions in metal 
temperabre &fferences should result in lower thermal stresses than for the thinner 
wall tubing. 

Weights 

The total dry weight of the plug, supporting structure, and manifold assemblies with 
0,076-mi%Emeter (0.003-in. ) thick cooling tubes was 27 kilograms (60 lbm). If cooling 
tubes with 0.254-milEmeter (0.010-in. ) wall thickness a re  used, the dry weight in- 
creases 7 percent. The wet weight of the assembly with thin tubes is 35 kilograms 
(71 lbxt), These weights were determined from the layout drawings from which figure 3 
was derived, 

OTHER CONSIDERATIONS 

Even though temperatures of the wall in contact with the fuel were low enough to 
e-qeet at least BOO hours of engine operation without significant coking in the nozzle, 
coke buildup with time may eventually become unacceptable. At that time a scheme for 
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the removal of the accumulated deposits by burning could be used. This eouM be doeas, 

a s  suggested in reference 6, by passing 922 K (1200' F) air tkough  the tubes whjle  the 

engine is not operating. 

Even though the analysis in&cated that the fuel-cooled plug is structurally feasible 

for the full braze condition, it will be necessary, for a specific detailed design, to  in- 

vestigate several problem areas.  Some of these a r e  the thermal s t resses  between tubes 
and shell, the vibrations due to gas flow disturbances and resonances in the slruecerre, 
potential pressure pulsations in the coolant tubes due to sudden changes in heat-transfer 
characteristics in the tubes, and the effect of tolerances on minimum thicknesses for 
structure components. 

The brazing method of joining the coolant tubes to the shell is practical and relizbic 

i f  specific procedures a r e  followed (discussed in ref. 20). Strengths of brazed jalple.6:~ 

a r e  dependent on many factors such a s  joint clearance, joint geometry, base metal. aliog~ 

and filler metal composition. Working s t resses  were not assigned to the brazed joints 

because these factors were too complex. The most reliable way to insure success$ul 
braze joints is to subject full scale specimens to tests representing service conditions., 

SUMMARY OF RESULTS 

1. A conceptual design of a jet fuel-cooled plug nozzle was evolved whi. eh is strue - 
turally feasible and can be regeneratively cooled with the available primary and after- 
burner fuel flow. 

2. Coking of the fuel passages would be most likely when operating at  nonalte..-burn- 

ing, sea-level takeoff conditions. Despite the lower gas total temperahre  when not 
afterburning, the associated lower fuel flow available for cooling the plug assembl.y 

resulted in both higher fuel temperatures and higher coolant-tube inside-wall meml tern- 
peratures. The maximum inside tube-wall temperature was 817 K (1010" IF), 

8. At sea-level m a ~ m m  afterburning, the m a x i m m  inside tube-wall tempell-ature 
was about 683 K (770' F). 

4. No significant coke deposits on the tube walls should be expected at  these wall. 
temperatures for periods of a t  least 100 hours based on experiments with fuel flov~ing 

through heated tubes. Coking at  other than the maximum temperature point on t i e  tube 
locations should be considerably less. For example, a t  a peripheral distance of slightly 
less than one-fourth of the tube inside-circumference from. the m a f i r n u  ternpera~xre 
point, a drop in temperature of about 76 K (137 F') would occur for the condition of no 
afterburning at  sea level. 

5. The spacing of the cooling tubes has a small  effect on the tube inside surfai-e 

temperakres  but has a large effect on the plug-assembly shell outer surface tempera- 
ture, particularly if  a minimunn braze condition ex5sts. The max5mum shell outer sur - 
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Eaee temperature was 1050 K (1430' F )  for a two-diameter tube spacing and 1250 M 
(1'790" F) for a three-diameter tube spacing. The three-diameter tube spacing also in- 

creased temperature difference~ in the structure, thus increasing thermal s t resses  and 

distortions. These factors would favor the selection of a two- rather than a three- 

daarneter tube spacing. 

5 The amount of braze between cooling tube and plug shell affected both inside tube- 

wall  and outer-shell temperatures. The maximum inside tube-wall surface temperature 

-#as genera1ii.y about 56 to 222 K (100' to 400' F )  higher for the minimum than for the full 

braze. The maximum temperature point on the outer shell of the plug was also higher 
ssy about 22 to 278 K (40 to 500 FO). 

7, Increasing the cooling-tube wall thickness and decreasing the gas temperature 

near the wall8 to account for radial profile in the gas temperature reduces the metal 

temperature differences between the plug shell and cooling tubes and the inside tube wall 

temperatures. These lower temperatures would reduce thermal s t resses  and coking. 

Increasing the  tube wall thickness from 0.076 to 0.254 millimeter (0.003 to 0.010 in.) 

for minimum braze condition reduced the maximum metal temperature difference in the 

plug shell and cooling tube cross section by 95 K (173 Fo) and the maximum inside h b e  

wall  temperature by 133 K (240 I?'). Decreasing the gas temperature near the plug shell 

by 194 K (350' F) at this increased tube wall thickness further reduced these tempera- 

tures by 52 K (90 I?') and 33 K (60 F'), respectively. 
8. Stresses due to pressure and acceleration loadings were calculated to be less 

than 20 percent of the yield strength. 

9 .  Thermal s t resses  were calculated to be above yield in the tubing at  the rea r  end 
of the plug for the thin wall design for the most severe temperature conditions, For the 

maximum braze case the plastic deformation was calculated to be 0.13 percent with no 

yielding on engine shutdown. Therefore, a ratcheting type failure is not anticipated for 

the fuil braze ease. 

10. For all the conditions considered no plastic deformation of the plug shell was 

predicted. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, March 26, 1971, 

720-03. 



APPENDIX - SYMBOLS 

fuel tube surface area for increment of cooling tube length 

outside shell surface area  for increment of cooling tube length 

specific heat of fuel a t  constant pressure 

cooling tube inside diameter 

Fanning friction factor 

local fuel-air ratio 

fuel flow per unit area  

gravitational constant 

fuel-side heat-transfer coefficient 

gas-side heat-transfer coefficient 

fuel thermal conductivity 

mean beam path length = 
surface area  

gas Mach number 

gas total pressure 

fuel Prandtl number 

gas Prandtl number 

gas static pressure 

partial pressure of radiating gas 

pressure drop a t  entrance to fuel tube 

pressure drop in fuel due to friction 

pressure drop in fuel due to momentum change 

convective heat flux into fuel per unit area  

convective heat flux from gas per unit area  

radiation heat flux from flame per unit area  

radiation heat flux interchange between walls or boundaries per unit area 

fuel Reynolds number based on bulk temperature 

fuel Reynolds number based on film temperature 

outside radius of support tube 



mside radius of tailpipe 

hell bulk temperature 

fuel! f i h  temperahre  

flame temperature 

total gas temperature 

effective gas temperature 

inside-wall temperature of cooling tubes 

shell  outside surface temperature 

outside -wall temperature of support tube 

inside-wall temperature of tailpipe 

i e ~ p e r a t u r e  r i se  of fuel 

fuel flow rate per tube 

distance from reference point to incremental length of support tube 

dislance from reference point to incremental length of tailpipe 

meremental length of cooling tube 

wall absorbtivily 

transmittance of gas (eq. (6)) 

ratio of specific heats of the gas 

incremental axial length, support tube and tailpipe 

emissivity of flame 

emissivity of walls 

rceovery factor 

fuel viscosity based on bulk temperature 

fuel viscosity based on wall temperature 

average fuel density for increment of tube length, based on bulk temperature 

average fuel density for increment of tube length, based on film temperature 

fuel density a t  inlet to incremental length of cooling tube 

fuel density a t  outlet from incremental length of cooling tube 

fuel? density a t  cooling tube inlet 



c Stefan-Boltzmam consbnt  

Subscript: 

n index of summation, identifies increment of cooling tube length 
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