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CHAPTERI 
INTRODUCTION 

Wind tunnels are used to simulate altitude con- 

ditions for testing of models of flight vehicles. The 

heart of the wind tunnel is the converging-diverging nozzle 

or liner. The liner shape provides the means of obtaining 

the idesired properties of the flowing medium, usually air. 

Thus, its contour accuracy dictates the accuracy of the 

tunnel test conditions. 

High air temperatures needed for model heat- 

transfer studies have required external cooling of the 

liners to keep their contour and thereby tunnel test 

conditions constant. The cooling is also needed to main- 

tain structural strength. However, this cooling 

requireient induces thermal stresses in the liner that are 

usually significant compared to air- and cooling water- 

pressure stresses. Thus, the thermal stresses are 

generally a design basis. Since the region at the throat 

is usually the hottest, the throat calculation is the most 

critical and needs to be as accurate as possible. There- 

fore, an accurate heat-transfer analysis is needed to 

design an adequate liner. 

At Arnold Engineering Development Center (AEDC), 

continuous-flow, axisymmetric, supersonic wind tunnels are 

in common use. Thus, a means of analyzing liners as 

accurately and quickly as possible is needed. 
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A typical axisymmetric throat assembly used at the 

yon Karman Facility (VKF) of AEDC is shown in Fig. I. The 

downstream flange is bolted to the shell assembly. The 

upstream flange has radial supports but is free to move 

axially. This allows for axial thermal growth due to 

temperature increase of the throat liner material. The 

thin cooling-water channel can be seen along the outside 

contour of the liner. 

Because of the dependence of air and water 

properties on temperature, heat-transfer analysis of this 

type of liner is very difficult, generally requiring 

tedious iterative solutions. The high-speed digital 

computer has helped solve that part of the problem. The 

difficult problem is to determine accurately the heat 

transfer across the boundary layer that forms along the 

inside liner contour. 

At AEDC, Sivells [i, 2, 5] 1 developed, programmed, 

and experimentally checked a method of calculating the 

supersonic boundary-layer properties for liners. This 

investigation uses the results of Sivells' program to 

perform a heat-transfer analysis for the liner shown in 

Fig. i. Since Sivells' program calculates only the super- 

sonic boundary-layer properties, the subsonic airside 

heat-transfer coefficient was estimated by an equation 

INumbers in brackets refer to similarly numbered 

references in the Bibliography. 

6 
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f rom B a r t z  [4 ,  5 ] ;  t h e n  a s u b s o n i c  h e a t - t r a n s f e r  a n a l y s i s  

was made. 

Once the radial temperature distribution throughout 

the liner was known, a stress analysis was possible. 

Thermal, air-pressure, and water-pressure stresses were 

calculated, combined where applicable, and then maximums 

were found by applying a theory of failure. 

Although restrictive thermal stresses are usually 

h i g h e r  n e a r  t h e  t h r o a t ,  t h e  t h e r m a l  s t r e s s  n e a r  t h e  ends  

s h o u l d  a l s o  be d e t e r m i n e d  so  t h a t  a combined  t h e r m a l ,  

p r e s s u r e ,  and s u p p o r t  s t r e s s  c a n  be c h e c k e d .  A l s o ,  t h e  

t h e r m a l  s t r e s s e s  a t  t h e  ends  c o u l d  be u n p r e d i c t a b l e  b e c a u s e  

t h e  l i n e r  i s  l a r g e r  on t h e  ends mak ing  t h e  c o o l i n g - w a t e r  

v e l o c i t y  l e s s ,  and t h e  l i n e r  i s  u s u a l l y  t h i c k e r  f o r  

a d e q u a t e  s u p p o r t i n g .  S i n c e  s u p p o r t  o f  t h e  ends  o f  t h e  

l i n e r s  i s  n o t  a l w a y s  t h e  same ,  s u p p o r t  s t r e s s e s  were  n o t  

i n c l u d e d  in  t h i s  a n a l y s i s .  Thus ,  t h e  s u b r o u t i n e  i n  t h i s  

s t u d y  was w r i t t e n  so t h a t  any  p o i n t  a l o n g  t h e  l i n e r  c o u l d  

be a n a l y z e d  f o r  t h e r m a l  and p r e s s u r e  s t r e s s e s .  

The r e s u l t  i s  a s u b r o u t i n e ,  HEAT, t h a t  c a n  be 

a d d e d  to  a b o u n d a r y - l a y e r  p r o g r a m  to  p e r f o r m  a c o m p l e t e  

d e s i g n  a n a l y s i s ;  t h i s  e n a b l e s  a much f a s t e r  and more 

a c c u r a t e  a n a l y s i s  to  be made.  A l s o ,  t h e  l i n e r  can  be 

o p t i m i z e d  by l o o k i n g  a t  many v a r i a t i o n s  o f  p a r a m e t e r s .  

H e r e t o f o r e ,  t h e  a e r o d y n a m i c  d e s i g n  was made and t h e  r e s u l t s  

were  s e n t  to  t h e  s t r u c t u r a l  a n a l y s i s  s e c t i o n  f o r  a n a l y s i s .  

8 
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Now, main structural and aerodynamic analysis can be made 

at one time. 

I 

9 
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CHAPTER II 
SUPERSONIC HEAT-TRANSFER ANALYSIS 

The h e a t - t r a n s f e r  a n a l y s i s  o f  a wind  t u n n e l  m e t a l  

t h r o a t  l i n e r ,  e s p e c i a l l y  i n  t h e  s u p e r s o n i c  r e g i o n  where  

model  t e s t  c o n d i t i o n s  a r e  e s t a b l i s h e d ,  r e q u i r e s  a c a r e f u l  

c o n s i d e r a t i o n  o f  t h e  b o u n d a r y - l a y e r  e f f e c t  on t h e  a i r s i d e  

h e a t - t r a n s f e r  c o e f f i c i e n t .  The b o u n d a r y  l a y e r  i s  a t h i n  

f i l m  o f  t h e  f l o w i n g  medium i n  wh ich  a p r o n o u n c e d  v e l o c i t y  

and t e m p e r a t u r e  g r a d i e n t  e x i s t .  The v e l o c i t y  v a r i e s  f rom 

t h e  f r e e  s t r e a m  v e l o c i t y  on t h e  medium s i d e  to  z e r o  a t  t h e  

w a l l .  The t e m p e r a t u r e  v a r i e s  f rom t h e  f r e e  s t r e a m  to  an 

a d i a b a t i c  w a l l  t e m p e r a t u r e .  Th i s  b o u n d a r y  l a y e r  i s  

t u r b u l e n t  o v e r  t h e  e n t i r e  l e n g t h  o f  t h e  l i n e r  and i t s  

e f f e c t s  a r e  d i s c u s s e d  as  f o l l o w s .  

F i g u r e  2 shows a c r o s s  s e c t i o n  o f  a l i n e r  a s s e m b l y  

a t  i t s  minimum f l o w  a r e a ,  t h e  t h r o a t .  The h o t  medium, 

u s u a l l y  a i r ,  f l o w s  t h r o u g h  t h e  l i n e r  and t r a n s m i t s  h e a t  t o  

t h e  i n s i d e  s u r f a c e  by f o r c e d  c o n v e c t i o n .  The h e a t  

t r a n s f e r r e d  c a n  be c a l c u l a t e d  by N e w t o n ' s  law o f  c o o l i n g  [6 ] .  

Thus ,  t h e  h e a t  r a t e  e q u a t i o n  i s  

qa  ffi h a A a  ( T r -  Ta) . ( I )  

The a r e a ,  Aa,  i s  t h e  i n s i d e  s u r f a c e  o f  t h e  l i n e r  

t h a t  t h e  a i r  f l o w s  p a s t .  I t  i s  t h e  i n s i d e  c i r c u m f e r e n c e ,  c ,  

10 
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Figure 2. Liner throat section showing heat flow. 
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t imes a l e n g t h ,  L. Since the  a x i a l  thermal  g r a d i e n t  i s  

r e l a t i v e l y  smal l  and the  l e n g t h  i s  not  used in  the  a c t u a l  

s o l u t i o n  o£ the  problem,  as w i l l  be seen l a t e r ,  an i n c r e -  

mental  l e n g t h ,  AL, may be s u b s t i t u t e d  f o r  L. 

The r e c o v e r y  t e m p e r a t u r e ,  Tr ,  i s  the  t e m p e r a t u r e  o£ 

the  i n s i d e  l i n e r  s u r f a c e  based  on an e f f i c i e n c y  o£ the  

boundary l a y e r  to  t r a n s m i t  the  h e a t  from the  a i r  to the  

w a l l .  The r e c o v e r y  t e m p e r a t u r e  i s  d e f i n e d  by E c k e r t  [7] as 

Tr = T ~ + r  CT o - T ® )  , (2) 

where T® is the  s t a t i c  t e m p e r a t u r e  and T O i s  the  s t a g n a t i o n  

t e m p e r a t u r e  o f  the  a i r  s t r eam.  The r e c o v e r y  f a c t o r ,  r, was 

assumed to be c o n s t a n t  a t  0 .87 .  

The a i r s i d e  h e a t - t r a n s f e r  c o e f f i c i e n t ,  ha ,  was 

c a l c u l a t e d  by Reynolds analogy [6] .  The e q u a t i o n  i s  

w h e r e  

St Pr 2/3 CF (3) 
2 

h 
St  - a . " C4) 

p Cpu 

S u b s t i t u t i o n  of  Eq. (4) i n t o  Eq. (3) y i e l d s  an e q u a t i o n  f o r  

the  a i r s i d e  h e a t - t r a n s f e r  c o e f f i c i e n t ,  ha,  which i s  

ha p Cp u(CF) ( P r ) - 2 / 3  
- 2 • ( s )  

12 
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The d e n s i t y ,  0, s p e c i f i c  h e a t ,  Cp, and P r a n d t l  

number ,  P r ,  f o r  a i r  a r e  d e t e r m i n e d  a t  a r e f e r e n c e  t e m p e r a -  

t u r e  d e f i n e d  as [6] 

TP = T ÷ 0 . 5  CT a -  Too) ÷ 0 . 2 2  ( T r  - T ~ )  . ( 6 )  

This  t e m p e r a t u r e  c o r r e c t s  t h e  c o n s t a n t - p r o p e r t y ,  h e a t -  

t r a n s f e r  e q u a t i o n s  f o r  t h e  change  in  p r o p e r t i e s  due to  a 

t e m p e r a t u r e  g r a d i e n t  a c r o s s  t h e  b o u n d a r y  l a y e r .  

The s k i n - f r i c t i o n  c o e f f i c i e n t ,  CF, was d e t e r m i n e d  

by a method  d e s c r i b e d  by S i v e l l s  [ 1 ] .  I t  was p rogrammed 

f o r  a 370 /165  IBM c o m p u t e r .  The method  r e q u i r e s  an  

i t e r a t i o n  p r o c e d u r e  and i s  e x p l a i n e d  as f o l l o w s .  

B r i e f l y ,  S i v e l l s '  p r o g r a m  c a l c u l a t e s  t h e  s k i n -  

f r i c t i o n  c o e f f i c i e n t  and t h e  i n v i s c i d  n o z z l e  c o n t o u r  by an 

i m p r o v e d  v e r s i o n  o f  t h e  method  o f  c h a r a c t e r i s t i c s  d e s c r i b e d  

in  [1] and i l l u s t r a t e d  in  F i g .  3. T r a n s o n i c  t h e o r y  

d e t e r m i n e s  a r i g h t - r u n n i n g  c h a r a c t e r i s t i c  T I ,  f rom t h e  

i n v i s c i d  t h r o a t  p o i n t .  The a x i a l  v e l o c i t y  d i s t r i b u t i o n  

b e t w e e n  t h e  u p s t r e a m  e n d ,  I ,  and d o w n s t r e a m  e n d ,  E, i s  

d e s c r i b e d  by a c u b i c  e q u a t i o n  w h i c h  m a t c h e s  t h e  v e l o c i t y  

and f i r s t  and s e c o n d  d e r i v a t i v e s  o f  v e l o c i t y  w i t h  t h e  

t r a n s o n i c  v a l u e s  a t  I ,  and r a d i a l  f l o w  v a l u e s  a t  E. 

Be tween  t h e  l e f t  o and r i g h t - r u n n i n g  c h a r a c t e r i s t i c s  t h r o u g h  

t h e  i n f l e c t i o n  p o i n t ,  A, t h e  f l o w  i s  a ssumed  to  be r a d i a l .  

Between p o i n t s  B and C, t h e  a x i a l  Mach number d i s t r i b u t i o n  

i s  d e s c r i b e d  by a f o u r t h - d e g r e e  p o l y n o m i a l .  The p o i n t  C i s  

13 
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m ~ v 

B C 

Figure 3. Characteristic diagram for inviscid 
supersonic contour. 
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the design Mach number location. The first and second 

derivatives of Mach number are assumed to be zero at the 

design Mach number and equal to the radi~l-flow values at 

~he upstream end of this segment of the axis. The method 

of characteristics is then used to obtain the streamline 

defining the inviscid contour of the nozzle. 

The viscid contour of the throat liner is obtained 

by adding the displacement thickness of the boundary layer 

to the inviscid contour. The boundary layer is calculated 

by a momentum integral method essentially like thai ' 

described in [i]. The compressible friction coefficient is 

related to incompressible values by the van Driest II 

method [8] except a parabolic distribution of temperature 

with velocity is used. Boundary-layer parameters are 

obtained by integrating numerically the various equations, 

including those which take into account the transverse 

curvature effects on the boundary layer. In the power-law 

equation for velocity distribution, the exponent is 

determined as a function of Reynolds number. Finally, t~e 

solution of the momentum integral is iterated because the 

term involving the local nozzle radius pertains to the 

viscid radius which is, in turn, the result of the calcu- 

lations. 

Now, the skin-friction coefficient, the radius of 

contour, and the Reynolds number, Re, at various locations 

along the liner are known. Since the radius of contour at 

any point is known, the area can be determined. If the 

15 
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area is known, the Mach number can be found from the one- 

dimensional isentropic tube flow equation [9] 

A* M y+ l  " (7) 
2 

Since  t h i s  e q u a t i o n  i s  i m p l i c i t  in  Mach number, the  Newton- 

Raphson method [10] was used to i t e r a t e  and so lve  fo r  the  

Mach number. 

The v e l o c i t y ,  u ,  in  Eq. (5) was found from the  Mach 

number d e f i n i t i o n  [9] 

M = u , 

u S 

where, by rearranging, 

u = M u  s . ( 8 )  

The speed o f  sound,  Us, i s  known from the  p h y s i c a l  

p r o p e r t i e s  of  the  a i r ,  and the  e q u a t i o n  from [9] is  

u s = ( y R T ) I / 2  , (9) 

where the  s t a t i c  t empe ra tu r e  of the  a i r  can be c a l c u l a t e d  

from the  one -d imens iona l  i s e n t r o p i c  tube f low equa t i on  [9 ] ,  

T _ [ 1 + ( Y ' I ) M 2  -1 
T O 2 ] ; (10) 

16 
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t h e r e f o r e ,  t he  q u a n t i t i e s  i n  Eq. (1) a r e  known, e x c e p t  t h e  

l i n e r  a i r s i d e  m e t a l  t e m p e r a t u r e ,  T a .  

Then t h e  h e a t  i s  t r a n s f e r r e d  t h r o u g h  t h e  m e t a l  

l i n e r  by means o f  r a d i a l  c o n d u c t i o n .  Th i s  can be c a l c u -  

l a t e d  by Fourier's law of heat conduction for a thick- 

walled cylinder treated as a plane wall [ii]. This form of 

the equation allows the use of the incremental length, AL, 

in the numerator, and greatly simplifies the problem, as 

will be seen later. For liners which are usuaily very thin, 

this equation has an error of less than 2.2 per cent. 

The equation is 

~ ( d 2 + d l )  LK ( T a - T w )  , 
qK = d2 _ d l  ,'. (11) 

The equation may be applied to an incremental length, AL, 

along which the axial gradient is assumed to be negligible. 

Also, the liner inside diameter, dl, and outside diameter, 

d can be modified to a mean radius and thickness as 
2' 

d 2 + d I 
2 - d m  - 2 r m ' '  

d 2 + d I = 4 r m , (12) 

follows: 

d 2 - d I = 2 t . (13) 

and 

17 
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A simplified equation £or radial heat transfer was obtained 

by substitution o£ incremental length and Eqs. (12) and 

(13) into Eq. (II). The result is 

2 ~ rmALK (Ta-Tw) 
qz = t . (14) 

The liner metal conductivity, K, usually varies 

with temperature. Since there is a temperature gradient 

through the liner thickness, the conductivity is evaluated 

a t  t h e  a v e r a g e  o f  t h e  l i n e r  s u r f a c e  t e m p e r a t u r e s .  Th i s  

c o n d u c t i v i t y  can  u s u a l l y  be a p p r o x i m a t e d  by a l i n e a r  

e q u a t i o n  o f  t e m p e r a t u r e  o v e r  a l i m i t e d  t e m p e r a t u r e  r a n g e .  

The c o n s t a n t s  f o r  t h e  l i n e a r  e q u a t i o n  a r e  i n p u t s  t o  t h e  

p r o g r a m  so t h a t  a v a r i e t y  o f  m a t e r i a l s  c an  be e x a m i n e d .  

These  c o n s t a n t s  a r e  d e t e r m i n e d  by p l o t t i n g  t h e  m a t e r i a l  

c o n d u c t i v i t y  i n  B t u - i n . / h r / £ t 2 / ° R  on t h e  o r d i n a t e  as a 

f u n c t i o n  o f  t e m p e r a t u r e  i n  °R a l o n g  t h e  a b c i s s a .  The s l o p e  

o£ a l i n e  t h a t  i s  a l i n e a r  a p p r o x i m a t i o n  o£ t h a t  c u r v e ,  f o r  

t h e  d e s i r e d  t e m p e r a t u r e  r a n g e ;  and ,  t h e  v a l u e  o£ t h e  

c o n d u c t i v i t y  a t  ze ro  t e m p e r a t u r e ,  e s t a b l i s h  t h e  n e c e s s a r y  

i n p u t  c o n s t a n t s  f o r  t h e  s u b r o u t i n e .  Thus ,  a l l  t h e  

q u a n t i t i e s  i n  Eq. (14) a r e  known,  e x c e p t  t h e  l i n e r  s u r f a c e  

t e m p e r a t u r e s ,  T a and T w. 

The h e a t  i s  t h e n  t r a n s f e r r e d  r a d i a l l y  t o  t h e  

cooling water by means of forced convection. Newton's law 

o£ cooling states, 

18 
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qw = hwAw C T w- Tb) . (15) 

The area, Aw, is t h e  o u t s i d e  liner circumference, 

Cw, times an incremental length, AL. The bulk temperature 

of the water, Tb, was assumed constant for this analysis. 

The bulk water temperature is an input to the program so 

that variations can be considered. 

Considerable work has been done in the field of 

heat exchangers for pipes and plates. Experimental data 

have produced many empirical equations for heat-transfer 

coefficients in parallel and counterflow cooling of pipes. 

The parallel flow method was used to cool liners so that 

lower metal temperatures are obtained at the throat. Thus, 

the waterside heat-transfer coefficlent, hw, was approxi- 

mated by [6] 

h w D ~ 0.14 
k - 0.027(Re) 0"8 (Pr) I/3 (~w) (16) 

The water properties are evaluated at the bulk temperature, 

except water viscosity at the liner.surface, ~w' which is 

determined at the waterside liner temperature, T w. 

Reynolds number and Prandtl number are defined [6] as 

and 

GD 
Re - 

]J 

Pr = 
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where 

G = OU . 

S u b s t i t u t i o n  o f  t h e s e  d e f i n i t i o n s  i n t o  Eq. (16) and 

s i m p l i f i c a t i o n  of  t he  r e s u l t s  y i e l d  

h w = 0.027 (GD)0D "8 (Cpwk 2 )1/3 (..--")1 0.14 
Pw 

. C17) 

The h y d r a u l i c  d i a m e t e r ,  D, i s  d e f i n e d  [6] as 

4A 
D m - -  

P 
(18) 

where A i s  the  c r o s s - s e c t i o n a l  a r e a  o f  the  w a t e r f l o w  

p a s s a g e ,  and P i s  the  w e t t e d  p e r i m e t e r  o f  b o t h  s u r f a c e s .  

The f low a r e a  i s  d e s c r i b e d  by 

(19) 

and the  p e r i m e t e r  by 

p = 2~ ( r 3 + r 2 )  . ( 2 0 )  

A s i m p l i f i e d  e x p r e s s i o n  f o r  D was o b t a i n e d  by s u b s t i t u t i o n  

of  Eqs. (19) and (20) i n t o  Eq. (18) .  The r e s u l t  i s  

D -  2 t w , (21) 

where t w i s  t he  t h i c k n e s s  o f  the  w a t e r  p a s s a g e .  

The w a t e r  p r o p e r t i e s - - v i s c o s i t y ,  d e n s i t y ,  conduc-  

t i v i t y ,  and s p e c i f i c  h e a t - - v a r y  w i t h  t e m p e r a t u r e .  These 

20 
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properties are available in tables or graphs from various 

sources; however, they needed to be in equation form for 

the computer solution. Therefore, convenient property 

combinations were plotted for appropriate temperature 

ranges and polynomial equations were derived by the iethod 

of least squares. The resulting equations are: 

Pc = { [ 5"38(i0)-8 To - 9.89(i0)'S ] Tb + S.84(I03 -2 } Tb - 2.88, (223 

and 

1/3 
(CP k2 3 -- Tb [ s.04(lO) -3 

p ~b(2.793 (103 -6 ] - 1.52 , (239 

(~w)-0"14 = Tw[3.35(103 - 3 -  Tw(1.83)[10)-6] - 0.37 . (243 

The term, Pc is the density divided by 7.48 gal./ft 3 to 

enable the direct substitution of the water flow rate, 

in gpm, into the program. 

Ibm/gallon. The units of 

The r e s u l t i n g  u n i t s  a re  

113 
( Cp k 2 ) p 

31hrl131 131 a re  B t u / l b m  2/ f t  1 °F. Both Pc and 

( Cp___~ 2 )1/3 

P 

a re  e v a l u a t e d  a t  the  b u l k  w a t e r  t e m p e r a t u r e ,  Tb. The te rm 

(pw)-0"14 is the reciprocal of the water viscosity, Pw' 

evaluated at the waterside wall temperature of the liner, 

21 
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and raised to the 0.14 power. The units are 

ft0"14-hr0"14-1bm -0"14. Substitution of these equations 

into Eq. (17) for a known water channel thickness and water 

£1ow rate revealed that the waterside heat-transfer coef- 

ficient is only a function of the waterside metal 

temperature of the liner. Therefore, Eq. (IS} shows that 

the waterside heat rate is only dependent on the waterside 

metal temperature. A complete radial heat flow is defined 

using Eqs. (1), (14), and (IS). For negligible radiation 

and axial conduction, the equality 

q a = qK = qw 

must hold. Thus, using the definitions of these heat 

rates, one can show that 

(2s) 

 AaC " Ta)= - t 
r m AL z CTa-T w) 

The above identity was simplified by using the area 

equations developed previously. The result obtained was 

r m K ( T a - T w ) 
h a r l  ( T r "  Ta )  = t =h  w r  2 (T w - T b ) .  (26) 

This  i s  the  g e n e r a l  i d e n t i t y  t h a t  t he  r a d i a l  h e a t - t r a n s f e r  

s o l u t i o n  must s a t i s f y  f o r  t he  e n t i r e  l e n g t h  o f  the  n o z z l e .  

From t h i s  i d e n t i t y  the  e q u a t i o n s  t h a t  have been  programmed 

were d e v e l o p e d .  

22 
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For computation purposes, the previous identity was 

divided into two equations. The first, an equation for Ta, 

was derived by sett.ing the..airside heat-transfer rate, qa' 

equal to the conductivity heat-transfer rate, qK' The 

result was 

o r ,  r e a r r a n g i n g ,  

h a r 1 ( T r  - T a ) = t 
r m K ( T a - T w ) 

Ta h a r I Tr + rm K T w 
- -  t . (27 ) 

r m K 
+ h a r  1 

t 

The second equation, an.expression for Tw, was obtained by 

setting the Conductivity heat transfer equal to the water- 

s i d e  h e a t  t r a n s f e r .  ' T h e  r e s u l t  w a s  

h w r 2 ( T w - Tb ) = 
r m K ( T a - T w ) 

t 

or, rearranging, 

r m K T a 
+ hw r2 Tb 

Tw = t (2 8) 
r m K 

hwr 2 +-- t 
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The n e c e s s a r y  e q u a t i o n s  now e x i s t  to  d e t e r m i n e  t h e  

s u r f a c e  t e m p e r a t u r e s  o f  t h e  m e t a l  l i n e r  a t  any p o i n t .  A 

s t e p - b y - s t e p  p r o c e d u r e  o f  how t h e  e q u a t i o n s  a r e  u s e d  i s  as  

f o l l o w s :  

1.  An i n i t i a l  a i r s i d e  m e t a l  t e m p e r a t u r e  and  w a t e r -  

s i d e  h e a t - t r a n s f e r  c o e f f i c i e n t  i s  a s s u m e d .  

2. The w a t e r s i d e  m e t a l  t e m p e r a t u r e  i s  c a l c u l a t e d  

f rom Eq. ( 2 8 ) .  

5, A viscosity of water is calculated from 

Eq. (24). 

4. A waterside heat-transfer coefficient is calcu- 

lated from Eq. (17). 

5. A metal conductivity is calculated substituting 

an average of the assumed airside metal temper- 

ature and the calculated waterside metal 

temperature into the linear conductivity 

equation. 

6. A new airside metal temperature is calculated 

from Eq. (27). 

7. Compare airside metal temperature in step (1) 

to  t h a t  i n  s t e p  ( 6 ) .  

A. I f  t h e y  d i f f e r  by more t h a n  an a c c e p t a b l e  

d e v i a t i o n ,  r e t u r n  to  s t e p  ( I )  and u s e  t h e  

value calculated in s t e p  (6) and iterate. 

B. If their deviation is acceptable, stop 

iteration. 
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CHAPTER III 
SUBSONIC HEAT.TRANSFER ANALYSIS 

Bar tz  [4,  5] concluded t ha t  the bounda ry - l aye r  

thickness in the subsonic section of a nozzle had very 

little effect on the supersonic side boundary-layer or 

heat-transfer coefficient; also, that the heat-transfer 

coefficient on the subsonic side was only slightly affected 

by the boundary-layer thickness. Based on these con- 

clusions, empirical equations were used to solve for the 

subsonic heat-transfer coefficient. 

A smooth, continuous inside surface contour for the 
I 

subsonic section of the liner was a design criteri'on for 

more uniform heat transfer and flow. This is substantiated 

by Back, Massier, and Cuffel [12], and discussed by 

Sivells [5]. To try to meet this requirement a set of 

polynomial equations were •derived to describe the various 

regions leading up to the liner throat. General equations 

that can be used for many different throat linersare 

derived in Appendix A. 

Subsonic one-dimensional tube flow relationships 

are usually developed using the throat conditions as a 

reference. Since this program calculates the supersonic 

liner conditions first, which includes the throat, it would 

be advantageous to also use the throat conditions as 

reference for developing the subsonic heat-transfer 
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analysis. The same heat-balance methods used in Chapter II 

will be used here, except the liner airside heat-transfer 

coefficient, ha, will be approximated by empirical 

equations. Bartz [4, 5] suggests a simple equation 

0 . 0 2 6  V h a=[ ~'~.'~" C 
. ~ ,  ~ 0.I A* 0.9 0"2Cp ) ( )( ) ] (-~-) 

pr o . 6 
a , ( 2 9 )  

where 

0 = 

I Ta y-1M2 
[2- ~o'o ( I  + 2 ) + 

1.o y~lM2)o is ' C3o) 
i] Ci+ 

Bartz also indicates that the term in brackets in P.q. (50) 

remains relatively constant through the nozzle. This 

suggests the ratio of airside heat-transfer coefficient at 

any point divided by the airside heat-transfer coefficient 

* The results of that ratio, using at the throat, h a. 

Eq. (30}, is 

ha = (A* 0.9 o 
• CSi) 

At the throat the Mach number, M, is one. Thus, 

1 
O* = * • (32} 

Since T a* will be determined by the supersonic analysis, o* 

26 



A E D C-T R -78-54 

will also be known. Therefore, an iteration involving T 
a 

will be required to determine a. Equation (30) also shows 

that u is a function of the local Mach number, M; however, 

the one-dimensional tube flow equation may be used to 

determine the local Mach number from the known area ratio 

that is developed in Appendix A. Equation (7) of 

Chapter II is the required equation, and again, the Newton- 

Raphson method can be used to solve for Mach number. 

Thus, the radial temperature distribution through 

the liner thickness can be evaluated using Eqs. (7), (31), 

and (52), and the procedure described in Chapter II. 
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CHAPTER IV 
STRESS ANALYSIS 

Thermal Stmsms 

The rma l  s t r e s s e s  were  c a l c u l a t e d  u s i n g  t h e  l o n g ,  

h o l l o w - c y l i n d e r  e q u a t i o n s  a s s u m i n g  a r a d i a l  l o g a r i t h m i c  

t e m p e r a t u r e  d i s t r i b u t i o n  [ 1 3 ] .  G e n e r a l l y ,  t h e  t o t a l  

s t r e s s e s  w i l l  be d e s i r e d  w h i c h  s h o u l d  be a maximum a t  t h e  

i ~ s i d e ,  o r  o u t s i d e ,  r a d i u s .  Thus ,  a t  r l ,  t h e  c i r c u m f e r -  

e n t i a l  and a x i a l  s t r e s s e s  a r e  d e s c r i b e d  by 

r 2 
2r~ £n C'~"T) 

a E A T  [ 1  - ] 
- 

ae ffi ~z ffi r2 , C33) 

2 ( i - ~ )  ~n ( K-  z ) 

and t h e  r a d i a l  s t r e s s  by 

Or= 0 . C34) 

At r2, the circum£erential and axial stresses are 

=(~ = - 

u8 z 

~ .  AT ; I - ; T  ] 
r 2 

2C1-~3~n C E )  
, C3S) 
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and the radial stress is 
p ¢ 

o r = o . (36) 

The coefficient of expansion, a, modulus of elasticity, E, 

and P o i s s o n  r a t i o ,  ~,  a r e  g e n e r a l l y  c o n s t a n t  f o r  t h e  m e t a l  

t e m p e r a t u r e s  e n c o u n t e r e d  and no f u n c t i o n a l  e q u a t i o n s  o f  

t e m p e r a t u r e  a r e  r e q u i r e d ;  b u t ,  t h e y  a r e  i n p u t s  to  t h e  

p r o g r a m .  These  v a l u e s  a r e  e v a l u a t e d  a t  t h e  a i r s i d e  t e m p e r -  

a t u r e ,  Ta ,  o f  t he  l i n e r  f o r  c o n s e r v a t i s m .  These  e q u a t i o n s  

a c c o u n t  f o r  a r a d i a l  t e m p e r a t u r e  d i s t r i b u t i o n  o n l y .  

Subsonic Pressure Stresses 

The s t r e s s e s  due to  i n t e r n a l  p r e s s u r e  a r e  calcu- 

l a t e d  by t h i c k - w a l l e d  p r e s s u r e  v e s s e l  t h e o r y  [ 1 3 ] .  At t h e  

inside surface, rl, the circumferential stress equation is 

Z+r~) P~ (r 2 

aO = r~- r12 ' 
(37) 

and the radial stress equation is 

o r = -p . (38) 

At r2, the circumferential stress equation is 

2 P r~ 

ae- r~- r~ ' 
( 3 9 )  
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and the radial stress equation is 

= 0 . (40) 

The axial stress due to internal pressure is uniform across 

the thickness, and the equation is 

F a 

~z = ' (41} 

where r 2 and r I are arbitrary outside and inside liner 

radii, respectively, depending on the desired location. 

The average axial force, Fa, equation is developed in 

Appendix B. 
i 

The stresses in the liner due to water pressure 

were calculated by thick-walled pressure vessel equations 

from [13]. At the inside surface of the liner, rl, the 

circumferential stress equation is 

2 Pw r~ (42} 

aS= r~-  r12 ' 

and the radial stress equation is 

Or- 0 . (43) 

At the outside surface, r2, the circumferential stress 

equation is 
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0 e = . , ( 4 4 )  

and the radial stress equation is 

Or = "Pw " ( 4 5 )  

The a x i a l  s t r e s s  i s  u n i f o r m  a c r o s s  t h e  l i n e r  t h i c k n e s s ,  and 

t h e  e q u a t i o n  i s  

F w 
o z = . ( 4 6 )  

The a x i a l  l o a d ,  Fw, e q u a t i o n  i s  d e r i v e d  i n  Append ix  B. 

Supersonic Pressure Stresses 

The e q u a t i o n s  f o r  s t r e s s e s  due t o  a i r  and w a t e r  

p r e s s u r e  i n  t h e  s u p e r s o n i c  s i d e  o f  t h e  l i n e r  a r e  t h e  same 

as t h e  e q u a t i o n s  f o r  t h e  s u b s o n i c  s t r e s s .  However ,  t h e  

a x i a l  l o a d s ,  F a and Fw, a r e  d i f f e r e n t  and a r e  d e r i v e d  i n  

Append ix  S .  

To ta l  S t r r ~ e s  

The method  o f  s u p e r p o s i t i o n  i s  u s e d  t o  t o t a l  a l l  

s t r e s s e s  where  a p p r o p r i a t e ,  and t h e s e  t o t a l s  a r e  t h e n  

s u b s t i t u t e d  i n t o  a t h e o r y  o f  f a i l u r e  e q u a t i o n ,  known as t h e  

d i s t o r t i o n - e n e r g y  t h e o r y  [ 1 4 ] .  Th i s  i s  t h e  b e s t  t h e o r y  t o  

use  f o r  d u c t i l e  m a t e r i a l s ,  and i t  p r e d i c t s  t h e  b e g i n n i n g  o f  
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yielding for a triaxial stress state. 

equation is 

ay = { i [ (oe.Or)2 + (o8_0z)2 

The t o t a l  s t r e s s  

1 
2 

+ (a z-or)2 ]} (47) 

The maximum c a l c u l a t e d  v a l u e  o f  oy f o r  t h e  e n t i r e  

l i n e r  s h o u l d  be u s e d  to  check  t h e  s t r u c t u r a l  i n t e g r i t y  o f  

t h e  p r o p o s e d  d e s i g n ,  I f  t h e  l i n e r  m a t e r i a l  y i e l d  s t r e n g t h  

a t  a i r s i d e  t e m p e r a t u r e  i s  l e s s  t h a n  o r  e q u a l  t o  t h e  a b o v e  

calculated yield strength, the liner will probably 

permanently deform. To design for this, a safety factor is 

multiplied times the above calculated yield strength and 

the yield strength of the candidate material at airside 

temperature, Ta, must exceed that product. 

Based on these criteria, experience has shown that 

these stress design criteria are adequate for liner design. 
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CHAPTER V 
SUMMARY AND RECOMMENDATIONS 

The result of this study is a subroutine, HEAT, 

that can be added to a boundary-layer program and analyze 

the aerodynamic and primary structural capabilities of 
t 

candiate liners. The HEAT subroutine uses basic heat 

transfer and stress theory, making the results easily 

understood. 

Because of the many iterations required to solve 

this problem, previous analysis by hand calculations took 

weeks to complete. Using the HEAT subroutine, one should 

be able to reduce the solution time to days, which would 

allow a more complete oRtimization of candidate materials. 

Also, the probability of errors should be decreased because 
f 

of the computer. 

There are primarily two requirements that should be 

met in liner design using this computerized method. They 

a r e :  

. 

. 

The y i e l d  s t r e n g t h  o f  t h e  c a n d i d a t e  l i n e r  

s h o u l d  be g r e a t e r  a t  a i r s i d e  m e t a l  t e m p e r a t u r e  

t h a n  t h e  p r o d u c t  o f  t h e  maximum c a l c u l a t e d  

y i e l d  s t r e s s  and a s a f e t y  f a c t o r .  

The w a t e r  p r e s s u r e  o f  t h e  a v a i l a b l e  c o o l i n g  

w a t e r  s u p p l y  a t  t h e  p o i n t  i n  q u e s t i o n  s h o u l d  be 

g r e a t e r  t h a n  t h e  p r o d u c t  o f  t h e  s a t u r a t e d  w a t e r  
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p r e s s u r e  found i n  a s t a n d a r d  s team t a b l e  a t  t he  

w a t e r s i d e  w a l l  t e m p e r a t u r e  and t he  d e s i r e d  

s a f e t y  f a c t o r .  

This  second  r e q u i r e m e n t  keeps  l o c a l  hot  s p o t s  from 

d e v e l o p i n g  by p r e v e n t i n g  w a t e r  c a v i t a t i o n .  

Of course, there are other factors to consider, 

such as cooling-water pressure loss through the entire 

circuit, volume of cooling water required, cost of liner 

material, and minimum thickness of the liner to facilitate 

machining and handling. 

Although this program was written for a specific 

type of problem, a liner with one end fixed and the other 

end free, the capability of determining the axial tempera- 

ture gradient by selecting a small increment of points to 

be analyzed could be very useful for the study of liners 

with various end conditions. Not only can liner design be 

optimized, but cooling water conditions might also be 

improved. 

The boundary-layer properties calculated in this 

design analysis program are based on turbulent theory. 

However, many references indicate that there exist two 

boundary  l a y e r s ;  a v e r y  t h i n  l a m i n a r  l a y e r  w i t h  the  

t u r b u l e n t  l a y e r  on top of  i t .  P o s s i b l e  improvements  cou ld  

be made i n  h e a t - t r a n s f e r  a n a l y s i s  i f  the  boundary  l a y e r  i s  

34 



A E DC-TR-78-54 

accounted for. Once the double boundary-layer solution is 

programmed, however, the HEAT subroutine could still be 

used to perform the heat-transfer and stress analysis. 

35 



AE DC-TR-78-54 

CHAPTER Vl 
HEAT SUBROUTINE 

A b a s i c  o u t l i n e  o f  t he  s u b r o u t i n e  HEAT i s  p r e s e n t e d  

in  t h i s  c h a p t e r  in  b l o c k  d i ag ram form; t hen  a comple t e  

listing of the subroutine is given. 

Block Diagram 

.... i 

I Sivells' boundary-layer program 
! _ i J ! 

I Read t i t l e ,  o f  problem,  ] 

I l l i  I I 

Read t y p e  o f  l i n e r  m a t e r i a l  
| i  

Read basic design parameters 

TRK = constant in metal conductivity equation 

DKDT = slope o£ metal conductivity equation 

DM = metal thickness 

DW = water channel thickness 

GPM = water flow rate 

ALPHA = average coefficient of expansion for the 

m e t a l  

EMOD = average modulus of elasticity of t he  metal 

RNU = P o i s s o n  r a t i o  f o r  t h e  m e t a l  

P~ = w a t e r  p r e s s u r e  
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| 

I 

u 

Write title of problem 

W r i t e  b a s i c  d e s i g n  p a r a m e t e r s  
Im 

PPQ = air stagnation pressure 

TO = air strength temperature 

GPM = water flow rate 

MATL = t y p e  o f  m a t e r i a l  b e i n g  c o n s i d e r e d  
i '  . . . . .  _ 

W r i t e  n o m e n c l a t u r e  for t h e  r e s u l t s  

u n i l l  i 

H e a t  t r a n s f e r  i t e r a t i o n  a t  t h e  t h r o a t  
iml i ~ 

Read basic data for subsonic smooth contour 

I 

1 

d e v e l o p m e n t  

TN = angle of conical section 

RE = radius at entry of liner 

XC 

NN 

N 

u i 

Read design data for heat-transfer analysis of 

= l e n g t h  o f  c o n s t a n t  r a d i u s  s e c t i o n  a t  e n t r y  

= d e g r e e  o f  c u r v e d  s e c t i o n  e n t e r i n g  t h e  t h r o a t  

= n u m b e r  o f  e v e n l y  s p a c e d  p o i n t s  

. 

subsonic section 

DM = metal thickness 

DW = w a t e r  c h a n n e l  t h i c k n e s s  

L . I 
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, | i t In | 

Heat-transfer iteration of the subsonic section 

Stress analysis of the subsonic section 

Write results of the subsonic analysis 

Stress analysis o f  the throat 
l - t, ~ | , m • ,,~ i _ 

V 
Write results of the throat analysis 

iJ I " 

I I ~ i  p I 

Read design data for supersonic analysis 

DM = metal thickness 

DW = water channel thickness 
a l l  | I 

, , 

H e a t - t r a n s f e r  i t e r a t i o n  of  the  s u p e r s o n i c  s e c t i o n  

S t r e s s  a n a l y s i s  o f  the  s u p e r s o n i c  s e c t i o n  
m m 

. 

Write  r e s u l t s  o f  the  s u p e r s o n i c  a n a l y s i s  

END 
i i i 
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HEAT Listing 

C 
C ' ' 

C 

C 
C 
C 
C 
C. 
C 
C 
C 
C 
C 
C 
C 
C 
L 

SUdROUTINE HEAT 
DEI~NIS T, AKERS 

IMPLICIT REALeB (A-H,O-Z) 

AS OF THIS DATE 313 /18  THIS PROGHAM SHOULD BE RUN IN A CLASS M 
WIIH A CORE OF ~40K AN() A TIME OF I MINe 

RASED ON ARO,INCe~VKF DF~IGN CRITERIA - THE MAXIMUM YIELD 
STNESS SHOULD BE BELOW THE M~TERIAL YIELD STWENGTH AT 
TEMPERATURE(TA) BY AN AnEGUATE SAFETY FACTOR 

THE SATIJR~TION'P~ESSURE FOR WATER AT TEMPERATURE(TW) 5HOULn 
BE BELOW THE SUPPLY WATFR PRESSURE(PW) BY AN 
ADLOUATE %AFETY' F~(.TOR 

THE FOLLOWING COMMON CARD~ ARE USE~ wITH SIVELLS ROUNDARY LAYER 
PRO6RAM 
COMMON'ICORRI OL~(~OO)oRC~(2OO)eDAX(2OO)oDRX(2OO)tSL(2OO)oDR2 
COMMON IHTTRI HAIRtTAWeTWQITWT.TWATt[)FUNo~FUNWt]PQoIJeIV~IWtPPOtTO 

I tXMTtJ  
COMMON ICONTR/ ITLE(3)eIEeLReIT,JBeJOeJXtKAT,KBLtKINGtKO 
COMMON /GOt' GAM'tGM~GI~GEeG3eG¢eGS,0~tGTtG~,~geGAtRGAtUT 
COMMON /COORD/ S(2UO:)oFS(~O~)eWALTA:'I(2OO)tS~(2OO)eWMN(2OO)tTTR(200 

. I);UMDX(2OO)tSPR(~OU)tRTA(~OO)eSREF(~OO)tXHIN'.XC1NeGMA*GM~GHC~GHD. 
COMMON /PARAM/ ETAUtRC,AMACH~BMACH~CMACH~EMACHtGMACH~FRCtSFtWWOtWW 

IOPtOMeWEtCBETeXEeETAeEPSIe~PSIeXOeYOtRRCeSDOeXBtXCeANePPtSEeTYEeXA 
COMMON /PROP/ AR~ZUtR~NtVISCeVISMeSFOAeSBL,CONV ~VEeCF~RHOE 
DIMENSION ~ATL(~O) 
DIMENSION TITLE (~O] 

THIS FIRST SECTION OF HEAT IS ODIN@ AN ITERATION AT THE THROAT 
FOH A TEMPERATURE CALCULATEO BY SIVELLS PHOGRAM 

THE DESIGN DATA IS READ IN THIS FIRST SECTION 

NANy NAMES ARE COMMON TO SIVELLS PHOGRAM FOR SIMPLICITY 

IF (MOO(JeIHT)oNEel) RETURN 
Id=J 
CHAIRIGAMeGIeARIRONIRONIT?T,ebAB85DeO 
HAIRuRHOEeVEeCFeCHAIR 
IF ( I J , G T e l )  GO TO 9 
IF IIPQeGT,O) GO TO 1 
ONE=|,O~O • 
READ (5.11)  TITLE 
READ ( S , | I )  MATL 
PIz2eD*OeDARSIN(ONE) 
READ (5 ,12)  TRK,DKDT,OMeDWtR~eRSeGPMeALPHA,EMODeRNUtPW 
WRITE ( A t l 3 )  TITLE 
WRITE (8 t14)  PPOtTUtGPMePW,NATL 
WRITE 18ol5) 
WRITE (8 ,16 !  
TAmTWAT-ISeO*O 
RI = RCO(IJ) 
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R2=RI+ OH 
R3=RZe DW 
PPG:IIS.38226gD-B~TB-g,R86SSgSD-SIeTBeS.8~Z|OS30-2)eTH-~.St666|OeO 
GOH:I.440~3eGPHePP&~P| 
GO=GDR/IR3+R2) 
HO:(R3-R2| /6 .0*O 
CPKHUxTBeISeO39770-3"TSeZ.TR8260-b)-|eSJSb8OeO 
HWMUm2,30-~eCPKMUeGDee8.D-|/HO/3.6Oe3 
TRM=|o440*4e(R2-R| ) / (R2tR| )  
IP . a |PQ*I  
TW~z(HAIReTAWeQFUNO(TWAT-ISeO*O))/IHAIReQFUN) 
FAIR:TRMeMAIReR|e(TA~.TWQ) 
T~K:T~QeOKOTeTRK 
TW~=(T~QeIT~QKeTRK)-FAIR)/(I)SQRT(TdQKee~.OKOTeFA|R)eTRK) 
FCUNOm(OKUTeTUd*TWQK~TRK)/TRM 
RMUI4:TW~e(3.34740-3-T~eI.8~B~30-b)-.3689STOtO 
HWAT:HWHUeRMUI~ 
QFUNWmON[/(ONE/HWAT/RZ*ONE/FCONO)/H| 
IF ( I V . G T , I . A N O . [ V . L T . I ~ )  RETURN 
|F (OABS(TWT-TWQ)eLT.|.O-~.ANO.DAHS(QFUN-OFUN~)eLTe|eO-S) 60 TO 
RETURN 
IF ( |V.LT, |W) RETURN 

TH~ NEXT SECTION CALCULATES THE StJBSON|C CONTOUR ANO THEN THE 
COMPLETE ANALYSIS OF THE SU~SON|C SECTION 
S|GT=|e/(IIIIL./G9+|.)eITVT/(2.eTOIII..SIeet6|eI(|t/Ggt|eIeeI|S| | 
HAIRTaHAIR 
RG=:Gg*|.O+0 
R[AO (So | r )  TNeREtXCtNNeN 
RS=RCO||) 
XLaS(|) 
IF (TN.GT.4.DeQ) TN=OTAN(TNePI/| .80t2) 
RI=RE 
XLC=XL-XC 
RI~=RE-RS 
NHIsNN-| 
N~2aNN-2 
NP:eSO~OeNNeNM| 
RB=NNIeRCeTNoe2/NN/N~e~ 
F~N:NMlORSeRC/NM2 
Z|:FRNeTN 
XLCNa2eDeOeR|S/TN-Z|/NN 
tF (XLC~.LT.XLC) TN=~.I)+OeR|S/iUSORTISeO*OeRISeFRN/NNeXLCte~)eXLC) 
Z]=FRNeTN 
XI=2.0+O+(XLC-RIS/rN}-NmleZ|/NN 
HXIaeSDeOeXI 
AAzHX|eTN 
Ru~E 
DXaXL/N 
DO 8 JJaI+N 
X:UXe{JJ- | )  
IF (X+LEoXC} GO TO S 
IF (X.GT,XL*XC) GO TO 3 
XR: IX-XC)IX]  

E~rRANCE FOURTH 0ROER CONTOUR EQUATION 
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3.  
C- 
C 

R=HE-AAe(2,D+O-XR)eXHee3 
GO TG 5 
IE | A , G T , X L - Z 1 )  GO TO 

CONICAL CONTOUR EQUATION 
R:HE+AA-TMe(X-XC) 
G0 TO 5 
Z R = ( X L - X ) / Z |  
ZRNsZRteNME 

TMIRD OR FOURTH ORDER EOIJATION LEADING TO THROAT 

R=HS~(IeD+O+BBeINP-ZRN)eTRte2 ) 
AB.-RGSe¿IR/RS)ee2)eeRGA 
C@:GBIAB 

SUBSONIC MACH NUMBER ITERATION 
FQ=IG9*CM~ORGS-CMtAB)/(RGStCMOtG9-AB) 
CMmCM-FG 
IF ( O A B S I F Q ) , G T , | , D - 9 )  GO TO 6 
XM~CMe~GA 
IF (X,EQ.O,O)  XM1 : XM 
PENmPPQe(It*(GM/2t)t(XM]ee2))oe(-GAM/GM) 
REAO 15w18) DMBoDWB 
R2e = ~ ' * ' D M B  
R3B =~R2B + OWe 

• T S = T O / ( | , O  * ( G M / 2 , 0 ) *  XMee2,0 |  
TRC = ,BTeKTO-TS)+TS 
RMB = (R2B +R) /2oO 
TRMB= DMB/RMB 
GO I G D R /  (R3R+R2B) 
HWMU=~o3D-2eCPKMUeGDeeBoD-|/HO/3ebOt3 
HWB = HWMU e RMU|¢ 
CO s IRK • DKDT • TWT 
TAd : TWT 
TArA = TAB 
SIGI=((((XMOe21GB*I,)~ITARAI(2,OTO)))*oS)eo,6)eI(XMee2/GB+I,) 

10*o15)  
S I ~ a l , / S I 6 I  
HAd= ( I R C O I I ) / R ) t * I ° B ) *  HAIRT " ( S I G / $ I G T )  
HART = 3bOOoe(HABeReR2BeTRMB/CO)+R2B 
TW~ = (TGeHWBeHART~HARe ReTRC)/ (HAe e R • HwB • MART) 
RMU14 :TWB o(3 ,3474D-3 -TWB e l , 8 2 8 2 3 D - 6 ) - o 3 6 8 9 5 7 D + O  
HW~ :"HWM.! • RMUI4 
TeAR :(TWB * T A B A ) / 2 , 0  
CO = TRK + DKnT e T~AR 
TAB = 36UOee(HWBeR2BeDMBe(TWB -TB) ) / ICOeRMB)  + TWB 
IF (OABS( TABA- TAB)eGTe leD-2 )  GO TO 7 
PAH=(oSoPPQO(((I°O+(GM/~°O)o(XMI)**2}ooI-GAM/GM))+((I~O*(GM/2,0)e 

| ( X M ) e e 2 ) e e ( - G A M / G M ) ) ) )  
PA : PAB 
FA= PIe((Qee2-QEet2)ePA+PENe(REet2-R¢Qo~)) 
FW: P lePWe(R5e i2 -R2Bee2 )  
RG : R2R 
RI : R 
TG~AD = TAB - TWB 
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C 
C 
C 

C 
C 
C 

8 
C 
C 
C 

C 
C 
C 

C 
C 
C 

THERMAL STRESS EOUAI IONS 

STHI  = (TGRADeALPHAeEMOD*(I,O-I2,0eRoee2eOLOG(RO/RI)/(ROee2-RIee2 
1))))/(2,0e(I,O-RNU)eDLOG(RO/RI)) 

STHO = (TGRADeALPHAeEMOOe(1,0-(2.0eRIee2~DLOG(RO/RI)/|ROee~-NIee~ 
I))))/(2~Oe(|,O-RNU)eDLOG(RO/RI)) 

ST,~O = STHU 
S T 6 ]  = STH! 

PRESSURE STRESS EQUATIONS 

SAHI = 
SAgO = 
SAA [] 
SWA = 

S~HO = 

(PAeIRIe*~eROee2II/IROee2-RIee2) 
( 2 . 0 e  R I e e 2 e P A I / ( R O e e ~ - R | e e 2 )  
FA / ( P I  • ( ROe*2  - R I c e 2 ) )  
FW / ( P I  • ( ROee2 - R I ~ e 2 ) )  
(2eO • Rno~  Z e p W ) / ( R I e e 2  . ROee~)  
( p~  e (ROee~ • R ~ e e ~ ) ) / ( R I e e ~  . ROee~)  

THEORY OF FA ILURE STRESS EQUAT|ONS 

ST¥O = ( , S e ( ( S T H O  • SAHO • S~HO • PW)ee~  t (STHO • SAHO • SWHO - 
l S T A O  - SAA - S W A ) e * 2  • ( - P ~  - STAO - SAA " S W i ) e e ~ ) ) A t e §  

STY I  = ( , S e ( ( S T H I  • SAHI  • SWHI • P A ) ~ * 2  • (STHI  • SAH|  ~ SWHI " 
| STA ;  - SAA - SWA)ee2  • ( - P A  " . S T A |  - SAA - S W A ) e e 2 ) ) e e = 5  

NR|TE ( S t  g )  XtRtRZB~R3HeHAReMW~oCOITABtTMH,TRCtSTHIeSTHOtSTAIe 
| STAntSAHI,SAHOtSAAtS~H|tSMHO~SWAtSTYItSTYO 

CONT|NUE 

NEAT THE STRESS ANALYSIS  IS  MADE FOR THE THROAT 

C O : F C O N D e T R M / 2 , D t O  
TG~AO : TWT - TWW 
R 2 = R C O ( I J ) •  OM 
R 3 : R 2 ~  DW 
RO = R2 
R [  = R C O i Z J )  
PA = ( P P O e ( S P R ( I J ) *  S P R ( ] ) ) t e 5 )  
FA =-(,5ePPQe(I,'•SPR(I))ePIe(REee2-(RCO(|))ee2))-PIeP[NO(R6ee2 

I-REee2)~PIePAe((RCO(IJ))ee2-(RCO(|))ee2) 
FW= P I e P ~ e ( R S e e 2 - R 2  e e 2 l  

THERMAL STRESS EQUAT[ONS 

STHI  = (TGRADeALPHAtEMOD*(IoO-(2,0*ROee2eOLOG(RO/RI)/(ROee2°RIee2 
I))))/(2oOo(|,O-RNU)eOLOG(RO/R|)) 

STHO = (TGRADeALPHAeEMODe(I,0-(2,UtR[ee2eDLOG(RO/R|)/(ROee2-RIee2 
1))))/(2,O*(I,0-RNU)OOLOG(PO/RI)) 

ST40  = STHO 
STA!  = STH! 

PRESSURE STRESS EQUATIONS 

SAHI  = (PA*(RI**2*RO*e2)I/(RO**Z-RI**2) 
SAHO = ( 2 . 0 *  R I * * 2 * P A ) / ( R O ~ * 2 - Q I * * ~ )  
SAA : FA / ( P |  * ( R O * * ~  - R l e * 2 ) )  
S~A : FW / ( P I  • ( ROee2 - ' R i c e 2 ) )  
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1 0  

SdHI  = ( 2 . 0  • ROeeZ e p W ) / ( R I # e E  . ROeeZ) 
SWHO = (PW • (ROeeE * R I e e E l ) / ( R I e e E  - ROeeE| 

THEORY OF FAILURE STRESS EQUATIONS 

STYO = ( , S e ( ( S T H O  ~ SAHO * SWHO * P w l e e 2  ÷ (STHO • SAHO * SWHO - 
I STAO - SAA - SWA)*eE * (-PW - STAO - SAA - - S W A ) e e Z ) ) ~ e . 5  
STYI = ( . S e ( ( S T H I  * SAHI * SWHI + P A l e e ~  • (STHI • SAHI * SWHI.- 

I S T A I  - SAA - SWA)ee2 * ( -PA  - STA|  - SAA - S W A ] e e z ) | e e . S  

|RETURN 
CONTXNUE 

NOw THE NEAT TRANSFER AND STRESS ANALYSIS IS MADE ON THE 
SUPERSONIC SECTION OF THE LINER 

READ ( 5 , 1 8 )  OM.UW 
P I=2oD*OeDARSIN(ONE)  
R 2 = R C O I I J ] * D M  
R3=R2*DW 
T R M = | e 4 6 D * 4 e D M / ( R 2 * R C O ( I J ) )  
HO=OW/b .D*0  
GD=GOR/ (R3*R2)  
HWMU=2.3U-2eCPKMUOGDeeSoD-I/HD/3obD*3 
RWAT=HWMUeRMU|4 
TSAR =(TW'T * TWW)/2 .  
CO = TRK * DKDT e T~AR 
TAmTWT 

'TW~=TA 
TWNU(2oeCOeTWO/TRM*MWATeR~eTB)/(2meCO/TRM*HWATeR2) 
RMU|4=TWWe(3.3~740-3-TWWeI.R2823D-b)-.368957D*O 
H~AT=HWMUeRMU|# 
TBAR'=(TWQ * TWW)/2, 
CO = TRK * DKDT e TSAR 
TA=[2oeCDeTWW/TRMeHAIReRCO(IJ)eTAW)/(2,eCD/TRNeHAIReRCO(IJ)) 
IF  | O A B S ( T W Q - T A ) . G T . | , D - 2 |  GO TU 10 
TGHAD = TA - TWW 
RO = R2 
RI  = ' R C O ( I J )  
PA = ( P P Q e ( s P R ( I J ) *  S P R ( I ) ) e o S )  
FA =-I.SePPQe(1.*SPR(t))ePIe(REee2-(RCO(IIIee2))-PI#PENe(R6ee2 

I-REee2)~PIePAe((RCO(IJ))Oe2-(RCO(I)) ee . ] )  
FW= P l e P W e ( R S e e E - R 2  eeE)  

THERMAL STRESS EQUATIONS 

STHI = (TGRAOeALPHAeEMODe(I.0-(2.0eROee2eDLOG(RO/R|)/(ROeeZ-RIee2 
I)]))/(2.OeII.0-RNU)eDLOGIRO/RI)) 

STHO = (T~RAOeALPHAeENODe(I.O-(2,0eRIe°2eOLOG(RO/RI)/(ROee2-RI ee2  
I))))/(2.0e(1.O-RNUIeOLOG(RO/RI)) 

ST:~O : STHD 
STA[  = STHI 

PRbSSURE STRESS EQUATIONS 

WRXTE ( 8 o 1 9 )  SL(IJltRCO(IJ),R2oR3tHAIRoHWAToCOoTWTeTWWtTAWtSTHIe 
STHO~STAItSTAOtSAHIoSAHOtSAAoSuHIeSWHOtSWAoSTYIeSTYO 
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C 
C 
C 

SAHI : (PA*(RIee~*ROee~)t/(RO**2-R[**~) 
SAHO m ( ~ , 0 *  R I e * Z e P A ) / ( R O * e ~ - R I * * ~ )  
SAA = FA / ( P l  * ( ROe*~ - R I e * ~ ) )  
SWA = F ~  / ( P Z  * ( ~ 0 " - 2  - R ] * * ~ ) )  
SNHI : ( 2 . 0  • ROCk2 • P ~ ) / ( R I e • 2  - ~O•~E) 
S~HO : (P~ • (ROIe~ • R Z • I ~ ) ) / ( R X I I ~  - ROee~) 

TNEORY OF FAILURE STRESS EQUATIONS 

STYO : ( . S e ( ( S T H O  * 5AHO * SWNO * PN)ee2 • (STHO • SANG • SWHO - 
1 S T A G  - SAA - 5WA)ee~ • (-PW - STAO - SAA - SWA)eeE))eeeS 

STYI : ( . 5 e ( ( S T H I  * SAHI * SWH[ * PA)ee2 • (STHZ • SAHI * SWHI - 
| S T A I  - SAA - S~A)ee2 * (-PA - STAI - SAA - SWA)eeEl )eeoS 

WRITE ( 8 t 1 9 )  S L ( I J )  oRCO(IJ),REwR3tHAIReHNATeCOeTAtTUMITAMtSTHII 
] STHOtSrAItSTAO,SAHIeSAHOeSAAoSWHItSMHOoSMAeSTYItSTYO 
RETURN 

1| FONNAT (20A4) 
12 FORMAT (11E7 .0 )  
13 FORMAT ( | H | t / / / / / / / / I S X e e  COMPUTER OUTPUT - EXAMPLE P R O B L E M • t / / / / /  

l i S A •  o HEAT TRANSFEH ANO STRESS ANALYSIS SUHHARYt,/ |bX,EOA4/// /)  
14 FORMAT ( I H O o / / / / / / / / I S X , t  *eeDESIGN C O N D I T I O N S e e e e , / / / | S X t t  STAGNA 

ITION PRESSURE (PSI )  : ° *F |OoE, / / | ~Xo  o STAGNATION TEMPERATURE (O 
2EG,R) :e tF IO.Eo/ / ISXt  t COOLZNG WATER FLOM RATE (GPM) m * t F | O o E e / / | S X  
31 ° COOLING WATER PRESSURE (PSI )  m ° o F | O * E t / / I S X e *  LINER HATERXAL-t 
4e2UA4) 

|S FORMAT I I H | , / / / /  ISXo o *••NOMENCLATURE FOR R E S U L T S e * e t , / / / | S X e m  
| X - LOCATION OF PO|NT. REING ANALYZEO ( | N . ) o e / / | S X e O  R| - |NSIOE 
2LINER RADIUS ( I N . ) O t / / | S X , O  RE - OUTS|OE LINER RADIUS ( I N . ) O , / / I S X  
3 ,  o R3 - |NSIDE RADIUS OF COOLING WATER MOUSING ( I N . ) * o / / | S X t *  HA - 
4 L|NER AIRSIDE HEAT TRANSFER COEFFICIENT IGTU/SEC/SQ.FT. /DEG,F)  e , /  
S / l ~ X , t  HW - LINER WATERSIDE HEAT TRANSFER COEFFIC|ENT (6TU/SECISQ, 
6 F T o / D E G . F ) ° o / / I S X ,  ! CO - LINER METAL CONDUCTIVITY (8TU- INo /NR/SO.F  
7 T . / O E G . F ) o , / / I S X , t  TA - LINER AIRSZDE METAL TEMPERATURE (R) O) 

] 6  FORMAT ( IHOoI4Xo*  TW - LINER MATERSIDE METAL TEMPERATURE (R) e , / / I S  
l X , *  TR - LINER AIRSIOE ROUNO&RY LAYER RECOVERY TEMPERATUHE ( R ) * t / /  
2 | S X t o  STHI - LINER AIRSIDE THERMAL C|RCUNFERENTIAL STRESS ( P S I ) * * /  
3/|~Xme STHO - LINER WATERSIDE THERMAL CIRCUMFERENTIAL STRESS (PSI)  
4 e , / / | S X ,  ° STAI - LINER AIRSIDE THERMAL AXIAL STRESS ( P S I ) m t / / I S X , *  
S STAG - LINER WATEHSIOE THERMAL AXIAL STRESS (PS I )e  , / / | b X , e  SAHI 
6 -  LINER AIRS|O(  AIR PRESSURE C[RCUMFERENTIAL STRESS ( P S I ) e , / / | S X , O  
7 SAHO - LINER WATEHSIOE AIR PRESSUHE C[RCUMFERENTXAL STRESS (PS| )  o 
8 , / / | S i t  o SAA - LINER AIR PRESSURE AXIAL STRESS ( P S Z ) t , / / I § X , e  SMH 
9 I  - LINER AIRSIOE WAT(R PRESSURE CIRCUMFERENTIAL STRESS ( P S I ) m , / / |  
85X~t SWHO - LINER WATERS;DE MATER PRESSURE C|RCUMFERENTIAL STRESS 
I ( P S I ) o o / / | S X o  e SWA - LINER WATER PRESSURE AXIAL STRESS ( P S I ) O , / / |  
25Xot  STYZ - LINER A|RSIOE VON MISES-NENKY THEORY OF FAILURE YIELO 
3STRESS ( P S | ) ~ , / / 1 5 X t  w S T Y O -  L|NER ~ATERS|OE VON MISES-HENKY THEOR 
4Y OF FAILURE YIELD STRESS ( P S I ) t )  

17 FORMAT ( 3 [ 1 2 , 0 e 2 1 4 )  
18 FORMAT (2E8 ,0 )  
19 FORMAT ( | H | , / /  16X** * * * * * * t t / / | 6 X o °  LOCATION ANO RADIUS I I *E6  

|Xe° X ( IN)= t~F IE .4* / /bEX*°  R I ( | N ) : O e F I E ~ 4 * / / 6 ~ X e  e R ~ I I N ) a t , F I E , 4 , / /  
2 6 ~ t  ° R 3 ( I N ) x ~ , F | E , ~ , / / / / I b X , !  HEAT TRANSFER RESULTSI HA(BTU/ 
3SECISO*FTt/OEG*F)u°~FI~,4o//44X* ~ NM(BTU/SEC/SQeFTe/DEG,F)me~FI~.4 
4 , / / 4 1 X * *  COCBTU-IN./HR/SO.FT./DEG,F)=O t F |E ,4 , / /S9X,e  TA(DEG,R)mt 
S , F | O . 2 . / / b 9 X * *  T W C O E G . R ) : t , F | O . ~ o / / 5 9 X * *  TR(DEG.R)mO,F|O.~o/// / |bX 
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6 t  t STRESS RESULTS:°e|7Xo ° THER~AL'''STHI(PSI|=etFB*O#/bgXt° STHO(P 
7 S | ) l e t F 8 i 0 t / / S q X e l  ~ T A I C P S I l l t t F S e 0 e / # ~ g x t l  S T A 0 ( P S | ) I O j F 8 , 0 1 / / / 4 9  
8Xt o PRESSURE--SAHI(PS|I=otFBe0o//~gXo ° $ A H U ( P S I ) = t o F B e 0 1 / / b 0 X o  o $A 
9 A ( . ~ S [ ) = o o F B . 0 o / / 5 9 X , °  S W H | ( P S I ) = t t F B . O o / / ~ g x w  t S W H O ( P S | ) = t e F B , 0 o / /  
1bOXer  SWA(PSI)=t  t F B . ~ w / / / 4 4 X t  o V0N HISES-HENCKY THE0~Y OF FAILUH[  
2 o t / / 5 9 X t t  S T y i ( p s i ) s e , F R , 0 , / / 5 9 X t W  S T Y U t p ~ | ) s e e F E . O t / / / l b X t P  • o • 

3 • * * * )  
~NU 
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CHAPTER VII 
INSTRUCTIONS FOR HEAT USERS 

Subroutine Fun~ion 

This  c o m p u t e r  s u b r o u t i n e  i s  w r i t t e n  i n  F o r t r a n  IV 

l a n g u a g e  f o r  u se  w i t h  t h e  IBM 370 /155  c o m p u t e r .  Double  

p r e c i s i o n  was u s e d  so t h a t  a c c u r a c y  o f  b o u n d a r y - l a y e r  

t h i c k n e s s e s  wou ld  be m a i n t a i n e d .  Much o f  t h e  n o m e n c l a t u r e  

a g r e e s  w i t h  t h a t  u s e d  by S i v e l l s  [1] so t h a t  c o m p u t e r  

s t o r a g e  and c a l c u l a t i o n  t i m e  c o u l d  be m i n i m i z e d .  

The s u b r o u t i n e  w i l l  p e r f o r m  a h e a t - t r a n s f e r  and 

s t r e s s  a n a l y s i s  on a w ind  t u n n e l  m e t a l  l i n e r  when combined  

w i t h  a p r o g r a m  t h a t  w i l l  d e t e r m i n e  t h e  s u p e r s o n i c  t u r b u l e n t  

b o u n d a r y - l a y e r  p r o p e r t i e s .  The e f f e c t s  o f  t e m p e r a t u r e  

c h a n g e  on a i r ,  w a t e r ,  and  l i n e r  m a t e r i a l  p r o p e r t i e s  a r e  

a c c o u n t e d  f o r  by means o f  i n t e r p o l a t e d  e q u a t i o n s .  The 

l i n e r  c o n d u c t i v i t y  can  be v a r i e d  o r  r e m a i n  c o n s t a n t  by 

means o f  i n p u t  c o n s t a n t s  t o  a l i n e a r  e q u a t i o n .  Any number 

o f  e v e n l y  s p a c e d  p o i n t s  can  be a n a l y z e d  on t h e  l i n e r .  Any 

number  o f  p r o b l e m s  can  be s o l v e d  i n  one c o m p u t e r  r u n .  

Input Data 

The data defining a problem for HEAT is input by 

computer cards. A description of each type of input data 

card follows. Location of data fields on the card ~or each 
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item of input is given by column numbers. The data type is 

indicsted as INTEGER or DECIMAL, except for identification 

cards. INTEGER data are fixed point numbers, which must be 

placed as far to the right as possible in the field. 

DECIMAL data are floating point numbers, which may be 

placed anywhere in the field and must have a decimal point. 

Card 1 

Columns Input 

1-80 Title 

Comments 

Identify the problem so that 

the results may be labeled. 

Card 2 

1-80 M a t e r i a l  Identify t h e  m a t e r i a l .  

Card  5 

1-7 

8-14 

15-21  

TRK 

DKDT 

DiM 

(DECIMAL) 

M a t e r i a l  c o n d u c t i v i t y  c o n s t a n t ,  

Btu-in./hr/ft2/°F. 

(DECIMAL) 

Slope of conductivity curve. 

Use zero if the conductivity 

remains constant with 

temperature. 

(DECIMAL) 

Liner throat metal thickness, 

inch. 
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Card 3 

Columns 

22-28 

29-35 

36-42 

43-49  

50-56 

57-63 

64-70 

71-77 

I npu t 

DW 

R4 

R5 

GPM 

ALPHA 

EMOD 

RNU 

PW 

Comments 

(DECIMAL) 

W a t e r - c h a n n e l  t h i c k n e s s  a t  t h e  

t h r o a t ,  i n c h .  

(DECIMAL) 

Liner air seal of upstream 

flange, inch. 

(DECIbeL) 

Liner water seal of upstream 

flange, inch. 

(DECIMAL) 

Water flow rate, gpm. 

(DECIMAL) 

Liner material coefficient of 

expansion, in./in./°F 

(scientific notation). 

(DECIMAL) 

L i n e r  m a t e r i a l  modulus  o f  

elasticity, psi 

(scientific notation). 

(DECIMAL) 

Liner material, Poisson ratio. 

(DECIMAL) 

Water pressure, psi. 
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Card 4 

Columns 

1-12 

13-24  

25-36 

37-40 

41-44 

Card 5 

1 - 8  

Inpu t  

TN 

RE 

XC 

NN 

N 

DM 

AE DC-TR-78-54 

Comments 

(DECIMAL) 

Angle  o f  c o n i c a l  s e c t i o n ,  

d e g r e e .  

(DECIMAL] 

En t ry  r a d i u s  of s u b s o n i c  

s e c t i o n ,  i n c h .  

(DECIMAL) 

Length of  c o n s t a n t  r a d i u s  o f  

s u b s o n i c  e n t r y  s e c t i o n ,  i n c h .  

(INTEGER] 

Order of throat entry curve 

equation. 

(INTEGER) 

Number of evenly spaced points 

to be analyzed in the subsonic 

section. 

There s h o u l d  be a c a r d  f o r  

each p o i n t  b e i n g  a n a l y z e d ,  no t  

c o u n t i n g  the  t h r o a t  p o i n t .  

(DECIMAL] 

L i n e r  m e t a l  t h i c k n e s s  

b e g i n n i n g  w i t h  the  f a r t h e s t  

ups t r eam s u b s o n i c  p o i n t ,  i n c h .  
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Card S 

Columns I n p u t  

9-16 DW 

Comments 

(DECIMAL) 

Water  c h a n n e l  t h i c k n e s s  

beginning with farthest 

upstream subsonic point, inch. 

All of the above cards must be input for each 

problem considered. Place each group of problem cards 

after the previous group for multiproblems. 
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CHAPTER VI I I  
EXAMPLE PROBLEM 

In this chapter, an example problem is solved using 

the HEAT subroutine with Sivells' supersonic boundary-layer 

program. It is solved on an IBM 370/165 computer. For 

input requirements to Sivells' program refer to [3]. The 

problem is a proposed liner to be installed in the 

Tunnel "C" system of the VKF at AEDC. Only one material 

was considered and only two points upstream and downstream 

of the throat were considered. The points considered are 

depicted on Fig. i, page 3. 

The design input data to Sivells' program was: 

Card 1 

Columns Input Example Value 

2-12 Title Mach 4 

Card 2 

i-i0 G.~M 1.4 

11-20 AR 1716. 575 

21-50 ZO 1.0 

51-40 RO 0. 896 

41-50 VISC 2.26968E-8 

51-60 VISM 198.72 
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Card  3 

Columns 

I-I0 

11-20 

21-30 

31-40 

41-50 

51-60 

61-70 

I n p u t  

ETAD 

RC 

FMACH 

BMACH 

CMC 

SF 

PP 

Example Value 

8.67 

6.0 

0.0 

3.0 

4.0 

12.25 

60.0 

Card 4 

i-5 

6-10 

ll-lS 

16-20 

21-25 

26-30 

31-35 

36-40 

41-45 

46-50 

51-55 

56-60 

61-65 

66-70 

71-75 

76-80 

MT 

NT 

IX 

IN 

IQ 

MD 

ND 

NF 

MP 

MQ 

JB 

JX 

JC 

IT 

LR 

NX 

52 

31.0 

21.0 

0.0 

i0.0 

1.0 

51.0 

39.0 

61.0 

0.0 

- I .0  

1.0 

-1.0 

0.0 

0.0 

21.0  

13.0 



Card 5 

Columns 

i-I0 

ii-20 

21-30 

31-40 

41-50 

51-60 

61-65 

66-70 

71-75 

76-80 

AE DC-TR-78-54 

Input Example Value 

PPQ 211.0 

TO 1638.0 

TWT 900.0 

TWAT 540.0 

QFUN 0.1 

ALPH 0.0 

IHT 20.0 

IR 0.0 

ID -i.0 

LV 5 .0  

The following were input into the HEAT subroutine: 

Card 6 

1-80 Title VKF Aerothermal Tunnel, 

Mach 4 

Card 7 

Card  8 

1-80 MATL Beryllium Copper 25 

1-7  CD 5 0 7 . 5  

8 - 1 4  DKDT 0 . 4 6 2  

15-  21 DM 0 . 2 5  

2 2 - 2 8  DW 0 . 2 5  

29-35  R4 2 0 . 0  
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Card  8 

C o lumns  

36 -42  

43 -49  

5 0 - 5 6  

57-63 

6 4 - 7 0  

71 -77  

C a r d  9 

1 -8  

9 - 1 6  

1 7 - 2 4  

25 -28  

29 -32  

Card 10 

1-8  

9-16 

Card ii 

1-8 

9-16 

I n p u t  

RS 

GPM 

ALPHA 

EMOD 

RNU 

PW 

TN 

RE 

XC 

NN 

N 

DM 

DW 

DM 

DW 

E x a m p l e  V a l u e  

2 0 . 0  

2 0 0 . 0  

9 . 6  E -  6 

( E x p o n e n t  m u s t  be  r i g h t -  

j u s t i f i e d )  

3 0 . 0  E * 6 

( E x p o n e n t  m u s t  be  r i g h t -  

j u s t i f i e d )  

0 . 3  

7 0 . 0  

3 0 . 0  

1 9 . 0  

7 . 0  

4 . 0  

2 . 0  

0 . 5 7 5  

0 . 2 5  

0. 3125 

0.25 
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Card 12 

Columns Input 

1 - 8 ' DH 

9-16 DW 

Card 13 

i - 8 DM 

9 - 16 DW 

Computer Output--Example Problem 

HEAT TRANSFER AND STRESS ANALYSIS SUNHARY 
VKF AEROTHERNAL TUNNEL - NACH 4 

AE DC-TR-78-54 

Example Value 

0.3125 

0.25 

0.37.5 

0.25 

oeeUESIGl~ CONOIT%ONS~ee 

STAGNATIUN PRESSURE (PSI )  = 

STAGNATION TEMPERATURE (DEG,~)m 

COOLING wATER FLOw RATE (GPM) = 

COOLING dATER PRESSURE I P S I )  : 

LINEH MATERIAL-HERYLIUM COPPER 2S 

2 1 1 . 0 0  

1638o00 

~ 0 0 , 0 0  

7 0 , 0 0  
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e,eNOMENCLATURE FOR RESULTSeee 

A - LOCATION OF POINT BEING ANALYZEO ( I N . )  

Hi - INSIDE LINER RAOIUS ( I N . )  

RZ -OUTSIOE LINER RAnIUS ( I N , )  

H3 - INSIDE RADIUS OF COOLING WATER HOUSINb ( I N , )  

HA - LINER AIRSIOE HEAT TRANSFER COEFFICIENT (RIU/SEC/SQeFT,/DEG.F) 

HW - LINER WATERSIDE HEAT tRANSFER COEFFICIENT (~TU/SEC/SQ.FT. /DEGeF)  

CO - LINER METAL CONDUCTIVITY ( R T U - I N , / H R / S Q , F T , / O E G , F )  

TA " LINER AIRSIOE METAL TEMPERATURE (R) 

TW " LINER WATEASIOE METAL TEMPERATURE (R) 

TR - LINER AIRSIDE BOtlNOARY LAYER RECOVEHY TEMPEHATURE (R) 

STHI - LINER AIRSIOE THEHqAL CIRCUMFERENTIAL STRESS (PSI)  

STHO - LINER MATERSIOE THERMAL CIRCUMFEHENTIAL STRESS (PS i )  

STAI - LINER AIHSIOE TMEHMAL AXIAL STRESS (PSI)  

STAO - LINER WATERSIDE THERMAL AXIAL STRESS (PSI)  

SANI - LINER AIRSIOE AIR PRESSLIRE CIRCUMFERENTIAL STRESS (PSI)  

SAHO - LINER WATERSIDE AIR PRFSSURE CIRCUMFERENTIAL STRESS (PSI )  

SAA - LINER AI~ PRESSURE AXIAL STRESS (PSI)  

SWHI - LINER AIRSIOE WATbR PRESSURE CIRCUMFERENTIAL STRESS (PSI)  

SWHO - LINER WATERSIO~ WATER PRESSURE CIRCUMFERENTIAL STRESS (PSI)  

SWA - LINER WAFER PRESSURE AXIAL STRESS (PSI)  

STY[ - LINER AIRSIOE VON ~ISES-HENKY THEORY OF FAILURE YIELD STRESS (PS I I  

STYO - LINER WATERSIDE VON HISES-HENKY THEORY OF FAILURE YIELD STRESS (PSI )  
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• • • 4t • • 

LOCATION AND RAUIUS| X ( IN )=  

R | ( I N | =  

N2( IN )=  

R3( IN I=  

0,0  

19,0000 

19.J?SO 

1V,6250 

A EDC-TR-78-54 

HEAT TRANSFER RESULTS: HA(RTU/SEC/~Q,FTo/UEG.F)s 

HW(RTU/SEC/SQ,FTo/OEG,FI= 

CO(RTU-INe/HR/S~eFTe/~EG.F)= 

TA(OE~,R)n 

TW(U~GeR)= 

TR(OEG,R)n 

0 , 0 1 1 2 .  

0 ,1467 

789,1341 

6~0 ,55  

6U1,~5 

163P,98 

SI~ESS ~ESULTS: 

• • • • Q • 

THERMAL---STHI(PSI)n -3997e 

STHOIPSI)= 394b,  

S T A | ( P S | | =  -3997o 

STAO(PSI)n 394~, 

PRESSURE--SAHI(PSI)= lO~Ole 

SAHO|PSI)8 ]0590 ,  

SAA(PS|)= -STZe 

SWH|(PSI)8 -3652o 

SMHO(PSI)= -3582e 

SWA(PS;)m |~Oe 

VON MISES-HENCKY THEORY OF FAZLURE 

STYI (PS I )=  6597,  

STYU(PSI)= 9?~3, 
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• • • • • • 

L~CATIO,~ AND RADIUS: X(XN)s 

H I ( I N ) :  

R~(IN)u 

~3(IN)= 

23,0379 

12°8324 

13,39~9 

HEAT TRANSFER RESULTS: HA(BTUISECISQ.FTolUEG.F)s 

HW(RTU/SECISO.FTelOEG,F)= 

CDCRTtJ-IN,/HR/S~,FT,/~EG.F)= 

TA(DLGoR)a 

TM(DEGeR)a 

TR(DEGeR)8 

0,02~S 

0.2058 

8US.Z529 

659.67 

1637.90 

STRESS ~ESULTS| 

• O • • • • 

V0N 

THERMAL--eSTH||PSI)= -6296. 

STHO(PSI)u 6195, 

STAI(PSI)m -6295o 

5TAO(PS|)a 6195, 

PRESSURE--SAHI(PSI)J 8780. 

SAHO(PSIlu 8569, 

SAA(PSI): - 6 | 2 2 .  

SWHI(PSI)- -2980, 

SwHOIPSI)- -2910, 

SwA(PSI)= 1959. 

MISES-HENCKY THEOHY OF FAILURE 

STYI(PSI)s 10108, 

STY0(PSI)I  1|02~. 
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LOCATION ANO RAUIUSI 

HEAT TRANSFER RESULT~I 

X lZN l l  

R I ( |N I8  

R2t lN Is  

R3llN)m 

HAIBTU/SEC/SQ,FTe/DEG,F)g 

HW(BTU/SECISQ+FT,/D(G+F)= 

CO(RTU-IN,IHR/SQ,FTe/DEG,F)u 

TAIUEG,R)n 

TW(DEG,R)a 

TRCDEG,R)= 

A E DC-TR-78-84 

46.U759 

3,7483 

3,9983 

4,2#83 

0,1825 

0,b743 

881,3044 

875,13 

743,08 

1607,36 

STRESS RESULTS! 

41, 41' 4) i )  • 4) 

THERMAL---STHI(PSI)I -27748, 

STHOIPSZ)a 26579e 

STAi(PSI)8 -27748e 

STAO(PS|)8 26579e 

PRESSURE--SAHI(PSI)8 1635, 

SAHO(PSIIm 1529, 

SAAIPSI)= -32593, 

SWHIIPSI)s -1156, 

SWHO(PSI)a - | 0 8 b ,  

SMA(PSI)n 13880, 

VON MISES-HENCKY THEORY OF FAILURE 

STYI(PSI)8 40342, 

STYOIPSI)= 241~4. 
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0 48, 48. • 4J • 

LOCATION AND RADIUS! X(IN)n 

R I ( IN)a  

~2(IN)= 

R3(IN)m 

49,9435 

4.0305 

4,3430 

405930 

HEAT TRANSFER RESULTS| HA(BTU/SEC/SU,FT./D(G,F)= 

HW(BTU/SEC/SO,FT,/DEG,F)m 

CO(RTU-IN./HR/SQ.FTe/DEG,F)a 

TA(OEG,RtR 

TW(DEGoR)a 

TRIUEG*R)8 

0,14L8 

0,5270 

866,1103 

B42,03 

710,39 

1584,70 

STNESS 

4, 4, • 

RESULTS8 

• ,IF • 

VON 

THERHAL---STHI(PSZ)= -27754, 

STHO(PSI)I 26406, 

STAI(PSI)8 -27754, 

STAOCPSI)= 26406, 

PRESSURE-'SAHI(PSI)8 1088, 

SAHO(PS])= 1007, 

SAA(PSI)n -24054. 

SWHI(PSI)I -1009. 

SWHO(PSZ)8 -939,  

SWA(PSI)= 10196, 

NIS(S-HENCKY THEORY OF FAILURE 

STYI(PSI)n 36610, 

STYO(PSIln 22997, 

60 



41' • ,IF • • • 

LOCATION ANO RADIUS. ~ 

HEAT T~ANSFER ~ESULTS: 

STRESS ~ESULTS: 

48, ,It, 48, 41, • • 

A E DC-TR-78-64 

X ( I N l l  

R I I J N I s  

~ 3 ( ] N I u  

60.0000 

S,520Z 

b ,ugs2  

b01¢5~ 

HA(HTU/SEC/~U,FTe/OEG,F)= 

HWIRTU/SEC/~(IoFT,/UEG.F)= 

C0(HTU-TNe/HR/$QeFTo/dEGoF)s 

TA(UEGoR): 

TW(UEG,R)I 

TR(UEG~RJ= 

0 .0669 

0 .3965 

82q,U380 

738.73 

663 ,~2  

|5bUoU7 

THE~MAL-- -STHI(P$I )=  - ] T 9 7 1 ,  

STH0tPSI)n 17206. 

S T A I ( P S | ) u  -17977 ,  

STAU(PSI)8 17~O6, 

PRESSUHE--SAHI(PSI)8 934,  

SAH0(PSI ) I  873 .  

SAAiPSI)m - ] 6 5 1 0 ,  

SWHI(PSZ)= - 1 1 3 7 ,  

SwH0(PSt ln - | 0 b 7 ,  

SWA(P51): 5973,  

VON MTSES-~ENCKY THEORY OF FAILURE 

S T Y | ( P S I I s  23425,  

STYO(PSI)n 14Tq5. 
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The sample  p r o b l e m  r e s u l t s  a r e  p l o t t e d  on F i g .  4. 

The l i n e r  r a d i a l  t h e r m a l  g r a d i e n t  and t h e r m a l  s t r e s s e s  

become a maximum n e a r  t h e  t h r o a t .  The c a l c u l a t e d  y i e l d  

s t r e s s  i s  a l s o  maximum n e a r  t h e  t h r o a t ,  i n d i c a t i n g  i t s  

d e p e n d e n c e  on t h e r m a l  s t r e s s .  The p r e s s u r e  s t r e s s e s  

g e n e r a l l y  become a minimum a t  t h e  t h r o a t .  

The maximum c a l c u l a t e d  y i e l d  s t r e s s  was 40 k s i  a t  

t h e  t h r o a t .  The y i e l d  s t r e n g t h  o f  t h e  c a n d i d a t e  m a t e r i a l ,  

BeCu 25, a t  a t e m p e r a t u r e  o f  (Ta) 875°R, was 140 k s i .  

Thus ,  t h e  s a f e t y  f a c t o r  was 140 /40  o r  5 . 5 .  A s a f e t y  f a c t o r  

o f  two i s  c o n s i d e r e d  to  be t h e  a l l o w a b l e  minimum. 

The o t h e r  p r i m a r y  p o i n t  t o  c o n s i d e r  i s  t h e  

saturation pressure of water at the waterside liner metal 

temperature, T w. This t~mperature was 745°R, and the 

saturation pressure from a standard steam table was 52 psia. 

The cooling-water supply pressure was 70 psia, and even 

though some losses are expected, the safety factor of 1.55 

should be adequate. 

The liner end support calculations would next be 

made to complete analysis of this candidate material. 
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APPENDIX A 
EQUATION DEVELOPMENT FOR SMOOTH SUBSONIC CONTOURS 

Many aerodynamicists believe that airflow 

properties in supersonic nozzles are much more uniform if a 

smooth, continuous contour is a design factor. Thus, in 

design of liners at the VKF of AEDC the following theory 

has been used Csee Fig. 5). 

A fourth-order polynomial equation defines the 

contour from the entrance to the conical section. A third-, 

or fourth-order, polynomial equation defines the contour 

from the cone to the throat. 

To have a smooth contour, there must be no dis- 

continuities when changing from one shape to the next. 

This dictates the boundary conditions to establish the 

curves that define the contour. 

Starting at the throat and working upstream, one 

can easily develop the appropriate constants for the 

polynomial equations that define the contour. The known 

values are the throat radius, RS; radius of curvature at 

the throat, R*; the total length of the throat, XL; the 

slope of the conical section, TN; and the entrance radius 

to the liner, RE. From these known values and the boundary 

conditions the contour equations can be derived. 

If a third-order equation is chosen for the 

entrance to the throat, a common form is 
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RE 

~ XC ~XI ~~e-------- Z1 

XL J 

RS 

% 

Figure 5. Continuous smooth curvature for liner 
subsonic section. 
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2 X L - X  3 
R = A + B - ( X L - X . ) -  + C ( ~ )  . 

Z1 Z1 
(A-I) 

The variable was nondimensionalized for simpler calcu- 

lations. At the throat the boundary condition of known 

radius of curvature is used. Let 

XL - X 
ZR- 

ZI 

and  Eq. (A-l) t h e n  becomes  

R = A + B (ZR) 2 + C (ZR) 5 . (A-Z) 

The first derivative of R with r e s p e c t  t o  ZR is 

dR 
d(ZR) - 2B (ZR) + 3(2 (ZR) 2 CA-3) 

The s e c o n d  d e r i v a t i v e  is 

d2R 

d(ZR) 2 
- 2B + 6C (ZR) (A-4) 

From the boundary conditions, 

d2R i 
m 

dX 2 R* 
(A-5) 

at X = XL o r  ZR = 0. 
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The equation for R is a function of ZR, not X; 

therefore, the chain rule of differentiation must be used. 

The differentiated equation is 

dR = [ dR ] [ d ( Z R )  ] , ( A - 6 )  
dX d(ZR) dX 

which is the slope. The curvature equation is 

2 dR d 2 dZR _ [ d2R ] [ d ( Z R )  ] + [ ] [ (ZR) ] (A-7)  
dX 2 d(ZR) 2 dX d(ZR) dX 2 " 

Now the derivatives of ZR with respect to X must be found. 

They are 

and 

d ( XL I X ) 
d(ZR) 1 

C A - S )  
dX dX Zl 

d2(ZR) - 0 . ( A - 9 )  
dX 2 

The resulting equation for one of the polynomial constants 

using the boundary condition, Eq. (A-5), and Eqs. (A-4), 

(A-7), (A-8), and [A-9) is 

- 2B 2 1 
R* 
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The equation for B is 

B - (Zl)2 

2R* 
(A-10) 

An equation for A can be found from the boundary 

condition that R = RS at X = XL, (ZR = 0) and the poly- 

nomial equation, Eq. (A-l). The equation is 

RS = A . (A-II) 

Other boundary conditions to be used are the slope 

and curvature at X = XL - X1, (ZR = i) and must be equal to 

-TN and 0, respectively. Thus, Z1 and the other polynomial 

constant, C, can be found from these boundary conditions 

and Eqs. (A-3) ,  (A-4) ,  A-6) ,  A-7 ) ,  (A-8) ,  and (A-9) .  The 

c o n s t a n t ,  C, i s  

or 

dR 
E 

dX 
TN = C-~1) C2B + 3C) 

(TN) (Zl) = 2B + 3C . (A-12) 

The v a l u e  of  B i s  a l r e a d y  known from Eq. (A-IO);  t h e r e f o r e ,  

and 

2 
(TN)(Z1) - Z1 + 5C 

R* 

C = (TN) (ZI) 
2 

ZI 

3 3R* 
(A-13) 
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The equation of Zl is found by using the curvature boundary 

condition, Eq. CA-S], with Eqs. CA-7) through CA-10), and 

CA-15). The results are 

d2R 

dX 2 

2 I 

- 0 = C2B+5C) 
xl 

or, simplifying, 

B-- 5C 

and CA- 14) 

Zl = 2R*CTN) 

Now, the third-order polynomial equation can be found by 

substituting Eqs. CA-10), (A-I1), and CA-13) into CA-2) 

and simplifying. The result is 

R = RS + 2R*CTN) 2 (ZR) 2 _ 2 R, CTN) 2 (ZR)3 3 . CA-IS) 

I f  a f o u r t h - o r d e r  e q u a t i o n  i s  d e s i r e d  f o r  t h e  t h r o a t  

r e g i o n ,  t h e  same p r o c e d u r e  i s  f o l l o w e d  as f o r  t h e  t h i r d -  

o r d e r ,  e x c e p t  t h e  i n i t i a l  Eq. CA-2) i s  c h a n g e d  to  

R = A + B CZR) 2 + C (ZR) 4 . (A-15) 

Since the derivation is identical to the third-order 

equation, only the results are shown. 
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The length of the fourth-order contour at the 

throat is 

Zl = (3/2) (R*) (TN) . (A-17) 

The fourth-order equation that describes the contour is 

R= KS + (9/8) (TN)2(R *) (ZR) 2 - (5/16) (TN)2(R *) (ZR) 4 . (A-18) 

The length of the curved section near the throat was 

evaluated in Eqs. (A-14) and (A-17) for a third- and 

fourth-order contour, respectively. The intercept of the 

cone contour with a line parallel to the centerline and 

running through the throat radius, RS, is helpful in 

defining the conical contour equation. The fractional 

length of Zl can be used to define that dimension. 

For the third-order curve, Fig. 5, page 65, the 

radius at X = (XL - Zl), (ZR = I), is defined by Eq. (A-15). 

The resulting equation is 

R -- RS + (4/3)(R*)(TN)2 . {A- i9)  

Thus, the fractional length (i - e) Zl can be determined by 

trigonometry, and is 

TN = R- RS . (A-20) 
(i - ~) (ZI) 
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If Eqs. (A-14) and (A-19) are substituted into (A-20), it 

can be shown that 

= 1 /3  (A-21)  

for the cubic contour curve. The same derivation for the 

fourth-order curve results in the following equations: 

a t  

a n d  

R = RS + ( 1 5 / 1 6 ) ( R * ) ( T N ) 2  

X-- XL - ZI, ZR = i , 

(A-22)  

c~ = 3 /8  . (A-25)  

Now, the conical contour equation can be determined from 

Fig.. 5, page 65, 

R = RE + C~) (TN) - ( T N ) ( X -  XC) . (A-24)  

The length, XI, of the fourth-degree entrance curve can be 

found from Fig. 5. The equation is 

or 

XL = XC + X_~l + RE- RS + e(Zl) 
2 TN 

X_~l = XL - XC - (RE - RS ) _ a(Zl) . (A-25) 
2 TN 

E q u a t i o n s  (A-21)  and  (A-25)  d e f i n e  a .  T h u s ,  f o r  a t h i r d -  

o r d e r  c o n t o u r  n e a r  t h e  t h r o a t ,  t h e  l e n g t h ,  X1, o f  t h e  
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e n t r a n c e  f o u r t h - o r d e r  c u r v e  i s  

Xl = 2 (XL - XC - ( RE - RS ) _ (I13) Zl) . (A-26) 
TN 

F o r  a f o u r t h - o r d e r  c o n t o u r  n e a r  t h e  t h r o a t  t h e  l e n g t h  o f  

t h e  e n t r a n c e  f o u r t h - o r d e r  c o n t o u r  i s  

X1 = 2 (XL - XC - ( RE " RS TN )- (3/8) Zl) . ( A - 2 7 )  

The entrance contour is usually a fourth-order polynomial 

o f  t h e  f o r m  

R = A + B (XR) 3 + C (XR) 4 (A-28) ) 

where XR is a nondimensionalized variable defined as 

XR - X - X (  . ( A - 2 9 )  
Xl 

Following the same procedure as for the polynomials at the 

throat entrance, one can derive the fourth-order contour 

equation. The boundary conditions are 

R = RE a t  X = XC, (XR = O) , (A-30) 

a n d  t h e  s l o p e  a n d  c u r v a t u r e  a r e  e q u a l  t o  

dR 
- TN ( A - 3 1 )  

dX 
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and 

d2R 
- 0 

dX 2 
(A-32) 

r e s p e c t i v e l y ,  at 

x = x c  + X l ,  {XR = i )  . 

The derivatives o£  Eq. (A-28) required for solution are 

and 

dR - 3B (XR) 2 + 4C {XR) 3 
d{XR) 

{A-33) 

d2R 

d {XR) 2 
- 6 B  (XR) + 12C (XR) 2 (A-34) 

where the relation between R(X) and R(XR) is 

and 

d_RR = [ dR ] [d{XR) ] 
dX d {XR) dX 

(A-35) 

d{XR) dR dZR _ [ d2R ] [ ] + [ 

dX 2 d {XR) 2 dX d (XR) 

] [ d 2(XR) ] 

dX 2 
• {A=36) 

The derivatives o£ XR(X) from Eq. (A-29) are 

and 

d ( X R ) _  1 
dX X1 

{A-37) 

d z ( x R )  = 0 . 

dX 2 

75 

( A - 3 8 )  



A EDC-TR-78-54 

The constant, A, can be found from Eqs. (A-28) and (A-30). 

The equation for A is 

RE = A . (A-39) 

The equations for constants B and C are then found from 

boundary condition equations, Eqs. (A-31) and (A-52), and 

relation equations, Eqs. (A-33) through CA-58~. The inter- 

mediate equations are 

-TN = C3B + 4C) (~i) ' 

0 = (6B + 12C) (X~]2 

(A-40) 

and (A- 41 ) 

B = -2C . 

Substitution of Eq. (A-41) into (A-40) yields the equation 

for C: 

(-XI)(TN) = -5C + 4C 

c - CTN) CXl) . CA-4Z) 
2 

The final equation for B is found by substituting 

Eq. (A-42) into (A-41): 

B = -(TN)(XI) . (A-43] 

Thus,  the  f o u r t h - o r d e r  c o n t o u r  e q u a t i o n  f o r  the  e n t r a n c e  to  

the  l i n e r  i s  found by s u b s t i t u t i n g  Eqs.  (A-39) ,  ( A - 4 2 ) ,  and 
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(A=43) i n t o  ( A - 2 8 ) .  The r e s u l t  i s  

R = RE - { T N ) ( X 1 ) ( X R ) 5  + (TN) (XI) {XR) 4 
2 . (A- 44) 

A l l  o f  t h e  c o n t o u r  e q u a t i o n s  have  been  programmed u s i n g  t h e  

same n o m e n c l a t u r e  i n  wh ich  t h e y  were  d e r i v e d  i n  t h i s  

a p p e n d i x .  The p o l y n o m i a l s  u sed  i n  t h i s  d e r i v a t i o n  a r e  

t y p i c a l  f o r  l i n e r s  a t  t h e  VKF o f  AEDC. 
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APPENDIX B 
AXIAL FORCE EQUATION DEVELOPMENT 

Subsonic S~tion 

Most liners in current use at the VKF of AEDC are 

fixed on the supersonic end, and the subsonic end is free 

to move to eliminate stresses due to restrained thermal 

expansion. Therefore, any axial pressure loads on the 

liner are transferred through the liner to the fixed end 

(see Fig. i, page 5). Figures 6 and 7 illustrate how the 

liner segments are loaded. 

The air pressure in the liner varies along its 

entire length. The pressure is a maximum at the upstream 

subsonic end and a minimum at the downstream supersonic end. 

The variation is given by Eq. (7): 

_J/_ 
y-i 

P- = Po [i + (~)M 2 ] (B-l) 

In this equation, Po is the stagnation pressure for the 

tunnel, and y is the specific heat ratio for air. The Mach 

number, M, is calculated by the heat-transfer analysis 

described in Chapters II and III. 

The procedure used for calculating the axial force 

at any location along the liner was as follows. First, the 

force caused by the air pressure acting on the area between 
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Figure 6. Liner segment showing load distribution for 
subsonic section. 
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Figure 7. Liner segment showing load distribution for 
supersonic section. 
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the seal radius, r4, and the entrance radius, re, was 

determined (see Fig. 6). Secondly, the average air 

pressure between the entrance and the location of interest 

was determined. This average pressure was multiplied by 

the projected area between the entrance to the liner and 

the location of interest to obtain an axial force. The 

total axial force was obtained by adding the above two 

In equation form, the axial force is force components. 

given by 

w h e r e  

F a = ~ (r 2 - r~ ) Pm +Pe ~ (r~- r 2 ) 
e e ' 

(B-z) 

Pe + P~ 
Pm - 2 " (h- 3) 

Obviously, the calculations could be made more 

exact by dividing the liner into short sections, calcu- 

lating the force on each, and adding all of the forces for 

the total. The axial pressure stresses are generally small 

in comparison to the thermal ones; therefore, the extra 

effort was not warranted. 

It was assumed that the cooling-water pressure drop 

as it flows through the liner was not significant enough to 

require the pressure-averaging technique. Therefore, the 

water pressure was multiplied times the appropriate 

projected area to obtain the axial force due to water 
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p r e s s u r e .  The e q u a t i o n  i s  

Fw = ~ ( r ~ - r ~ )  P w . CB-4) 

Supersonic Section 

The a x i a l  l o a d s  f o r  t h e  s u p e r s o n i c  l i n e r  s e c t i o n  

a r e  shown on F i g .  7. Note  t h a t  t h e  a i r - p r e s s u r e  l o a d  on 

t h e  s u p e r s o n i c  s i d e  s u b t r a c t s  f rom t h e  a i r - p r e s s u r e  l o a d  on 

t h e  s u b s o n i c  s i d e .  The w a t e r - p r e s s u r e  l o a d s  i n  t h e  two 

l i n e r  s e c t i o n s  oppose  t o o ;  h e n c e ,  t h e  t o t a l  l o a d  c a l c u l a t e d  

f o r  t h e  t h r o a t  s e c t i o n  f o r  b o t h  w a t e r  and a i r  i s  t h e  

maximum l o a d  t h a t  t h e  l i n e r  s e e s .  The l o a d  e q u a t i o n s  a r e  

e + r e -  r~ 2 ) Pm,b - r~ 2 ) Pm,p ' 

where  

and 

P*~ + P e  
Pm,b - 2 (B-6)  

+ P® 
_ Pe ( B - 7 )  

Pm ,p 2 " 

The t o t a l  f o r c e  e q u a t i o n  due to  w a t e r  p r e s s u r e  

r e m a i n s  t h e  same ,  Eq. ( B - 4 ) .  
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A 

B 

C 

Cp 

CF 

C* 

C 

D 

d 

E 

F 

G 

g 

h 

I 

K 

k 

L 

AL 

M 

P 

Pc 

Pr  

q 

NOMENCLATURE 

A r e a ,  c o n s t a n t ,  r e f e r e n c e  p o i n t  

C o n s t a n t ,  r e f e r e n c e  p o i n t  

C o n s t a n t ,  r e f e r e n c e  p o i n t  

S p e c i f i c  h e a t  

Skin-friction coefficient 

Characteristic velocity 

Circumference 

Hydraulic diameter 

Diameter 

Modulus of elasticity, reference point 

Force 

Mass velocity 

Gravitational acceleration 

Heat-transfer coefficient 

Reference point 

Metal conductivity 

Gas conductivity 

Length 

Incremental length 

Mach number 

Pressure, perimeter 

Peclet number 

Prandtl number 

Heat-transfer rate 

AE DC-TR-78-54 
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R 

RE 

RS 

Re 

R* 

r 

Ar 

St 

T 

Tb 

Tr 

TN 

TP 

AT 

t 

tw 

U 

X 

XC 

XL 

XI 

X 

ZR 

Gas constant, radius 

Subsonic section entrance radius 

Radius at the throat 

Reynolds number 

Radius of curvature at throat 

Radius, recovery factor 

Incremental radius 

Stanton number 

T e m p e r a t u r e ,  r e f e r e n c e  p o i n t  

Bulk  t e m p e r a t u r e  

R e c o v e r y  t e m p e r a t u r e  

T a n g e n t  o f  a n g l e  b e t w e e n  c o n i c a l  s e c t i o n  and l i n e r  

a x i s  in  s u b s o n i c  s e c t i o n  

R e f e r e n c e  t e m p e r a t u r e  

T e m p e r a t u r e  d i f f e r e n c e  

L i n e r  t h i c k n e s s  

W a t e r - p a s s a g e  t h i c k n e s s  

Velocity 

Variable 

Length of constant diameter entrance to subsonic 

section 

Subsonic liner length 

Length of subsonic liner segment between entrance 

and conical section 

Distance 

Variable 
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Z1 Length of subsonic liner segment between throat and 

conical section 

Greek Letters 

Y 

@ 

P 

P 

P 
C 

O" 

Coefficient of expansion, constant 

Specific heat ratio 

Cone angle 

Poisson ratio, viscosity 

Density 

Modified density 

Variable, stress 

Subscripts 

A 

a 

b 

C 

e 

i 

K 

m 

o 

P 

r 

s 

w 

Y 

Axial 

Airside 

Subsonic 

Critical 

Entry 

Inside 

Conductivity 

Mean value 

Stagnation 

Supersonic 

Radial 

Speed of sound 

Waterside 

Yield 
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Z 

8 

i 

2 

5 

4 

5 

Axial 

Circumferential 

Static 

Inside of liner 

Outside of liner 

Outside of water channel 

Air seal 

Water seal 

Superscript 

* T h r o a t  
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