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1.0 INTRODUCTION 

The Aerotherm BLIMP (_Boundary Layer Integral M__atrix Procedure) boundary-layer 

code provides numerical solutions of the nonsimilar, multicomponent, laminar or turbulent 
boundary layer with equilibrium or nonequilihrium chemical systems, unequal diffusion and 
thermal diffusion coefficients for all species, and a variety of surface boundary conditions 
including intimate coupling with transient charring - -  ablation energy and mass balances. 
The code was originally developed in 1966 (Ref. 1) and has been modified extensively (Refs. 
2-8) and used widely since that time. Numerous comparisons have been made of BLIMP 
boundary-layer calculations with results from other computation schemes and with 
experimental data (see Refs. 1, 4, and 7, for example). The objective of this report is to make 
further comparisons at conditions more appropriate to the early portion of a reentry flight 
(150,000 to 100,000 it), that is, at altitudes still high enough that ablation and shape change 
are not important, but low enough that low density effects are also not important. In 
addition, the investigations reported by Evans (Ref. 7) and Bonnett and Evans (Ref. 8) 
suggested that the turbulence model in BLIMP might severely overestimate wall heat- 
transfer rates, and it was desired to study this problem at reentry conditions. 

BLIMP calculations were made for a slender blunted and a slender sharp cone 
configuration at Mach numbers 22 and 25, respectively, an altitude of 100,000 ft, and 
several wall temperatures, for both laminar and turbulent flow. The results were compared 
with (1) the fully viscous shock layer method of Lubard and Helliwell (Ref. 9), (2) the 
boundary-layer program of Mayne and Dyer (Ref. 10), which is based on the boundary-layer 
solution scheme of Patankar and Spalding (Ref. ! 1), and (3) the sharp cone boundary-layer 
solutions of Adams (Ref. 12). For these computations wall heat-transfer rates, wall shear 
stresses, and the boundary-layer displacement thicknesses and momentum thicknesses were 
compared. BLIMP predictions of the wall heat-transfer rate were also compared with 
measurements made during a flight experiment, Reentry F, of a 5-deg half-angle slightly 
blunted cone which flew at Mach numbers near 20. Laminar, transitional, and turbulent 
heat-transfer rates were measured during this flight at high Mach number, high total 
enthalpy, and low ratio of wall temperature to free-stream total temperature conditions 
(which cannot be duplicated in ground test facilities). The availability of these data provided 
an opportunity to check the validity of the BLIMP turbulence model at reentry conditions. 

2.0 ANALYTIC METHODS 

Analytical results from four different numerical flow-field calculation techniques will be 
given in this report. The main similarities and differences in these techniques will be briefly 
mentioned here. No attempt was made to predict the transition location for any of the 
calculations. For the purely analytical results, the location for the onset of transition and the 
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extent of the transition zone were chosen arbitrarily, but the same for all methods. The 
BLIMP code was modified so that an exponential scaling of the eddy viscosity in the 

transition zone could be made in a manner similar to the other calculation schemes (see Ref. 
12, p. 19 for details of the exponential scaling of eddy viscosity). For the comparisons with 

experimental data, the transition locations were deduced from the experiments. 

2.1 BLUNT BODIES 

Results from three of the numerical flow-field calculation techniques will be presented 

for the blunt bodies. The Lubard-Helliwell fully viscous shock layer code (Ref. 9).is quite 
different from the two boundary-layer codes (BLIMP, Ref. 6, and Patankar-Spalding, Ref. 

11) in that the equations which are solved are valid in both the viscous and inviscid regions, 
which eliminates boundary-layer displacement effects and matching problems between the 

viscous and inviscid regions. That is, the various flow quantities vary smoothly from the wall 

all the way to the shock, and there is no need to iterate between the viscous and inviscid 

solutions. The pressure varies continuously across the shock layer so that no assumption of 
zero normal pressure gradient is necessary - -  as in the case of the boundary-layer programs. 
The turbulence modeling in the Lubard-Helliwell code is essentially the same as that in the 
Patankar-Spalding code. The Lubard-Helliweli calculations assume a perfect gas with a 

constant specific heat (Cp) in conjunction with the S.utherland viscosity law and Pr = 0.71. 

The boundary-layer calculations, BLIMP and Patankar-Spalding, were run with 
identical inviscid data (pressure distribution and shock shape). The NASA Ames two- 
dimensional and axisymmetric characteristics solution program (Ref. 13) was used for both 

perfect and real gas; the blunt body solutions of Aungier (Ref. 14) or Lomax and lnouye 

(Ref. 15) or lnouye (Ref. 16) were used as the blunt body solutions. The boundary-layer 

solutions were n o t  iterated with the inviscid solution so that there is some mismatch in flow 

conditions at the edge of the boundary layer between the viscous and inviscid solution. 
Comparison of the boundary-layer profiles and the characteristics solution profiles with the 

fully viscous shock layer solution profiles gave estimates of the magnitude of the 

displacement effects. Both boundary layer calculation methods have a real gas option. 

2.2 SHARP BODIES 

Although each of the analytical methods could have been used to make calculations for 
the sharp cones, only the code of Ref. 12 and the BLIMP code (Ref. 6) were used. Both 

codes execute rapidly on the computer, and a large number of runs could be made quite 

easily. Results calculated by the Ref. 12 code are well documented, both in Ref. 12 where 

extensive detailed comparisons were made, and in numerous AEDC-VKF applications since 
Ref. 12 was published. Generally, the calculations are quite good for laminar, transitional, 
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and turbulent boundary layers under a wide range of flow and angle-of-attack conditions. 

Most of the analytic comparisons shown in this report are made at zero degree angle of 

attack. However, the Reentry F flight vehicle oscillated at small angles of attack (less than I 
deg) during the period when the turbulent data were recorded, so that angle-of-attack effects 
in the plane of symmetry'had to be considered. The Ref. 12 code employs a three- 

dimensional windward plane-of-symmetry boundary-layer analysis, but an axisymmetric 
analogy technique had to be used in BLIMP for angle-of-attack effects. A three-dimensional 

inviscid conical flow analysis was used to determine the pressure and shock shape for both 
Ref. 12 and BLIMP. The code of Ref. 12 assumes a perfect gas, whereas the BLIMP 

calculations can also be made with a real gas, i.e., considering caloric imperfections and 

chemical reactions with multicomponent diffusion. 

2.3 TURBULENCE MODELS 

The turbulence models in three of the computer codes, the Patankar-Spalding code, the 

Lubard-Helliwell code, and the Ref. 12 code are essentially the same (except that Ref. 12 has 
modifications necessary to treat the three-dimensional problem), and are based on ,  

recommendations of Escudier (Ref. 17) and of Patankar and Spalding for the variation of 

mixing length across the boundary layer. All of these models will be referred to here as the 
Patankar-Spalding model. An additional turbulence model was added to the BLIMP code 

for this study, the model of Cebeci and Smith (Ref. 18). This model will be referred to as 

BLIMP/CEBECI or Cebeci-Smith, and the standard BLIMP turbulence model will be 
called BLIMP/KENDALL or BLIMP turbulence model. The overall formulation of all 

three turbulence models considered here is quite similar. The turbulent boundary-layer shear 
stresses are treated using a two-layer, inner-outer model in conjunction with Prandtl 's 

mixing-length hypothesis. For the two-dimensional turbulent boundary layer, the effective 

shear stress is 

aT 
r : ~ p u~" (1) 

ay 

By adapting Boussinesq's eddy viscosity concept, the Reynolds stress may be represented 

a s  

a ;  
-- /) U 'V"  : (m ~-~'-, ( 2 )  

7 
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and the heat transfer as 

-- p v'h" = 
% OT~ 

Cp #y (3) 

Prandtl's mixing length hypothesis is employed to obtain 

(4) 

so that the eddy viscosity is 

~'m 
= Fdla: 

(5) 

Up to this point, all of the turbulence models are the same. Differences in the models 

arise in the calculation of the mixing length. 

2.3.1 The Wall (Inner) Region 

The models of Patankar-Spalding and of Cebeci-Smith use an expression originating 

with Prandtl that in the inner region 

dg 
- - =  k (6) 
dy 

which has the solution 

g = .ky (7) 

In both these models, the van Driest (Ref. 19) exponential damping of the turbulent part of 

the shear stress is used, so that the mixing length expression becomes 

where 

r = k;. [ l -  ~ p  (-y+..:A+)] (8) 

y + = y  v~/v (9) 

8 
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In the Patankar-Spalding formulation, k is taken as 0.435 and A + is taken to be 26.0; 

whereas in the Cebeci-Smith model, these constants are replaced by functions which account 
for pressure gradient and mass addition. 

The BLIMP/KENDALL model uses an expression based on 

d~ (kv - ~) (10) 
dy 

/ 

i.e., the rate of increase of the mixing length with y is proportional to the difference between 

the value postulated by Prandtl (ky) and its actual value. The proportionality factor in this 
relation is assumed to be dependent on the local shear stress and the local kinematic 

viscosity, so that for incompressible flow 

de 
dy ~ y aV / 

where y+ is a constant (11.823) and k is taken to be 0.44. These constants were obtained by 

matching predictions in incompressible turbulent boundary layers with and without mass 
addition (Ref. 20). Physically y'- is a measure of the thickness of the laminar sublayer. For 
compressible flow, the wall law is modified so that 

d (p~) 
d~ = p a y - p  ,,2"-'-~ (12) 

where instead of describing the length scale of a turbulent eddy, the mass of the eddy (P0 is 

related to the mass available between the wall and point of interest. The constants k and y+ 
are left at their incompressible values. The above integral-differential equation is solved 
numerically to obtain the local value of the mixing length (0. 

2.3.2 The Outer (Wake) Region 

For the Patankar-Spalding model, the mixing length in the outer region is calculated as 

= ky~ (13) 

where X = 0.09 and Yt is the value of y at the point where the velocity in the boundary-layer 
is 0.99 of the boundary layer outer edge velocity. 

For the Ccbeci-Smith and BLIMP/KENDALL models, the mixing length is 

l= cB. 
l 

9 

(14) 
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where 

- & 
= - 3" I 

o 

and where c = 0.0168 for the Cebeci-Smith model and 0.0180 for the BLIMP/KENDALL 

model. Furthermore, the eddy viscosity is taken to be a constant in the wake region for both 

models 

n, -~ , '  (16) 

where V t is the turbulent velocity and is taken equal to ue. 

2.3.3 General 

The end of the inner region and the beginning of the outer region is calculated as follows 

for all three turbulence models. From the wall outward, the expression for the inner eddy 

viscosity is used until (em),,mer = (era)outer from which point the outer viscosity is used. 

The turbulent Prandtl number is defined as 

C 

P"t = p m (17) 
eh 

and is used to determine the value of eddy thermal conductivity which is needed in the 

energy equation. The turbulent Prandtl number was taken equal to 0.9 for the Patankar- 

Spalding and the BLIMP/KENDALL turbulence models but was a variable for the Cebeci- 

Smith model. The reader is referred to Ref. 7 for details on the way this varying turbulent 

Prandtl number is calculated in BLIMP. For the conditions reported here (where the Cebeci- 

Smith model was used), the turbulent Prandtl number varied from !.4 at the wall to 0.90 at 

the edge and, at some downstream stations, was 0.90 across the whole boundary layer. 

2.4 CALCULATION TECHNIQUES 

2.4.1 Patankar-Spalding (Ref. 11) 

The boundary-layer equations expressing the conservation of mass, momentum, and 

energy are transformed into a normalized yon Mises coordinate system and solved using a 

marching, implicit finite difference procedure. The code can handle perfect gas cases or real 

gas cases, where the real gas data are based on the correlation formulas of Cohen (Ref. 21). 
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2.4.2 Lubard-Heiliwell (Ref. 9) 

An approximate system of equations is derived from the steady-state Navier-Stokes 
equations by assuming the viscous, streamwise derivative terms are small compared with the 
viscous normal and circumferential derivatives. These equations are valid in both the viscous 
and inviscid regions itidruding the circumferential'~separatio~..,zgn~ which develops on the 
leeward side at th~ higher angles of attack. An implicit dif'ferencing technique with iteraX(ion 
is used to solve the resulting three-dimensional parabolic equations. The AEDC version of 
this code has'been modified by Mayne (Ref. 22) to consider the case of flow over blun~ 
biconics and more recently to consider turbulent flow. The code does not handle real gases." 

2.4.3 Three-Dimensional Windward Plane of Symmetry (Ref. 12) 

The code uses a three-dimensional windward plane-of-symmetry laminar, transitional, 
and turbulent boundary layer analysis coupled with a three-dimensional inviscid conical 
flow analysis for a sharp cone at angle of attack. The boundary-layer equations are 
numerically integrated using an implicit finite-difference technique which marches along the 
windward streamline starting at the apex of the cone with a laminar similar solution. The 
code employs perfect gas assumptions. 

2.4.4 BLIMP (Ref. 6) 

The BLIMP (Boundary Layer Integral Matrix Procedure) code combines features of the 
general integral relations approach with those of matrix solution techniques. Smooth 
functions (cubic spline functions, or quadratics) are chosen to relate the principal dependent 
variables to their derivatives. This enables the attainment of an accurate solution with 
relatively few entries into the conservation equations. The entire solution is treated as a set 
of simultaneous nonlinear algebraic equations. The formulation considers unequal diffusion 
and thermal diffusion coefficients for all species through a bifurcation approximation for 
binary diffusion coefficients. The multicomponent viscosity and thermal condgctivity of the 
mixture are determined by use of Sutherland-Wassiijewa-type approximations. 

For the calculations in this report, a ten-species air model consisting of 02, Nz, O, N, 
NO, A, N + , O'-, NO +, and e- was used for all real gas calculations; details are given in 
Appendix A. Real gas transport properties were based on the diffusion factors given in 
Appendix A. The gas was taken to be in chemical equilibrium, with unequal diffusion 
coefficients and thermal diffusion considered. Fifteen nodal points (the maximum 
dimension of the AEDC program) were used in all calculations to describe variations across 
the boundary layer. The stretching parameter was determined using a constraint on the total 

11 



AEDC-TR-79-6 

enthalpy for all calculations. For perfect gas calculations, the Sutherland viscosity equation 

(Ref. 23) was used with Cp = 0.23989 btu/lb and Pr = 0.71. 

3.0 ANALYTIC RESULTS 

The general objective of the analytic study was to compare BLIMP boundary-layer 
calculations with calculations from several often-used, well-documented flow-field solution 

methods available at the AEDC-VKF for conditions representative of the early portion of 
typical reentry flights (150,000 to 100,000 ft). While the BLIMP program is a sophisticated 
code capable of treating ablating flows with chemical reactions (equilibrium or 

nonequilibrium), this work is concerned only with simple nonablating-type flows in chemical 

equilibrium. Calculations were made on both sharp and slightly blunted cones at high Mach 

numbers. Many of the calculations presented assume that the fluid is a perfect gas with .y = 
1.4. These perfect gas results allow a direct evaluation of the capability of the BLIMP 
numerical technique to produce an answer consistent with other codes, because the gas 

thermodynamic properties and transport properties can be calculated in exactly the same 
way in all the computer codes. Comparisons are then made of these perfect gas calculations 

with real gas solutions (varying specific heats and equilibrium chemical reactions with 
diffusing species) to assess the real gas effects. The main quantities of interest here are the 

wall heat-transfer rates and wall shear stresses. Some comparisons are made of the 
boundary-layer integral quantities (displacement thickness, momentum thickness) for the 

sharp cone solutions, but the AEDC version of the BLIMP code has incorrect definitions of 
the boundary-layer integral quantities whenever entropy swallowing is important; therefore, 

these comparisons could not be made for the blunt cone solutions. Attention is also focused 
on the'turbulence model in the BLIMP program because Evans (Ref. 7) and Bonnett and 
Evans (Ref. 8) pointed out that the Kendall model used in BLIMP could overpredict 
measured heat-transfer rates by a factor as la~'ge as two whenever there were large property 

variations across the boundary layer, i.e., high values of Te/Tw (see Fig. 3 of Ref. 8, for 
example). 

3.1 SHARP CONE CALCULATIONS 

Both the BLIMP code (Ref. 6) and the code of Ref. 12 were used to make a series of 
boundary-layer calculations on a 10-ft-long, 5-deg half-angle sharp cone at Mach number 25 
and an altitude ,of 100,000 ft. Calculations were made for both laminar flow, and for 

turbulent flow with a transition onset location of S -- 2 ft. The transition zone extended 

over a length of 2 ft, so that fully turbulent flow occurred at S -- 4 ft. Calculations were 

made for three different wall temperatures: 540, 3,000,and 9,000°R (while 9,000°R is not a 

practical nonablating temperature, it was chosen as an extreme upper limit to study real gas 
effects from a theoretical point of view). BLIMP calculations were made for both real gas 
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and perfect gas conditions, whereas the Ref. 12 code was limited to a perfect gas. The 

transition onset location occurred at a point along the body where the momentum thickness 

Reynolds number varied from 700 to 900 depending on the wall temperature. The results are 

presented in Figs. 1 through 6. 

Perfect gas comparisons of the boundary-layer quantities of interest are given in Figs. l 

through 4. For these calculations, the two boundary-layer solution methods use identical 
thermodynamic and transport properties, have the same inviscid input data, and use the 

same intermittency factor scaling in the transition zone. The differences shown here are the 
result of the different flow modeling (of the turbulent flow) and of the basic solution 

technique and the numerical approach. It may be seen that comparisons of the results for 
laminar flow are quite good. The heat-transfer rates and the wall shear stresses (not shown) 
compare within 2 percent over the length of the body at all wall temperatures. Similarly, the 

boundary-layer displacement thicknesses agree within 1.5 percent, and the momentum 

thicknesses within 5 percent over the full range of wall temperatures (some Tw's not shown). 

Results for the transitional and turbulent flow are not nearly as good as the laminar but 

are still reasonable. The largest differences in heat-transfer rates (and wall shear stresses) 

occur in the transition zone with differences of 17 percent at Tw = 540°R. In the fully 

turbulent regime (S > 4 It), the heat-transfer rates (and shear stresses) are different by I! 
percent for the low wall temperature (Fig. la). Note that the comparisons are better at the 
higher wall temperatures (Figs. lb and c). The difference between the BLIMP calculations 

and the results from the Ref. 12 code is in the same direction (an overprediction) as the 
overprediction by BLIMP of certain rocket nozzle experimental data shown by Evans (Ref. 
7) when there were large property variations across the boundary layer. 

The turbulent boundary-layer integral quantities calculated by the two boundary-layer 

procedures (Figs. 2 and 3) are in reasonable agreement. The boundary-layer displacement 

thicknesses agree within l0 percent, and the momentum thicknesses within 15 percent at Tw 
= 540°R. A comparison at the higher wall temperatures (not shown) is somewhat better. It 

should be noted that the BLIMP code used 15 nodal points across the boundary layer to 
represent the profiles being integrated, while the code of Ref. 12 used 99 points. 

Graphs of the wall shear stress along the body for the perfect gas calculations are not 
shown because they are nearly identical.to the heat-transfer plots. For example, at a body 

location of S = 0.5 ft for a wall temperature of 540°R, the difference in the heat transfer 

r~,tes calculated using BLIMP or using Ref. 12 code is 1.3 percent, and the difference in the 

wall shear stresses is 1.4 percent. The same agreement holds true for the nonsimilar turbulent 
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data, though the differences are larger. Integrated values of  the skin friction (in coefficient 

form) over the 10-ft length body are given in Fig. 4, and again the laminar comparisons are 

excellent. The turbulent integrated skin friction results are a reflection of  the integration of  a 

local skin friction variation similar to the heat-transfer rate distributions of  Fig. 1. At the 

low wall temperature, the BLIMP results are 9.5 percent higher than the Ref. 12 code 

results, and this is consistent with the results shown in Fig. la. There is better agreement at 

Tw = 3,000°R as implied by Fig. lb, and a similar analogy with Fig. ic applies. 

Real gas effects on the calculation of  wall shear stresses and wall heat-transfer rates are 

summarized in Figs. 5 and 6 for this sharp cone configuration at Moo = 25 and 100,000 ft. 

These results were obta ined using the BLIMP boundary- layer  code,  and  the 

BLIMP/KENDALL turbulence model was used for the turbulent calculations. The wall 

shear stresses in laminar flow can be determined within about 13 percent from perfect gas 

calculations at the Tw values shown, with the real gas shear stresses always above the perfect 

gas values. This is also true at T ,  = 3,000°R though the data are not shown. The 540°R wall 

case is of  interest because at this low temperature the perfect gas and real gas transport 

properties are almost equal (P, real///,perfect = 1.005) and there is no diffusion directly to the 
wall. However, in this high enthalpy flow, species diffusion in the boundary layer at points 

away from the wall have altered the velocity and temperature profiles and affected the wall 

shear stresses and heat-transfer rates by 13 percent. At the lowest wall temperature, the 

turbulent shear stress results are more sensitive to real gas effects than the laminar shear 

stress results. The real gas turbulent shear stresses are up to 30 percent higher than the 

perfect gas shear stresses in the fully turbulent regime at Tw = 5400R. 

The real gas laminar heat-transfer rates are about 13 percent above the perfect gas 

solutions at the lower temperatures (Fig. 6, Tw = 3,000°R not shown), but at T~ = 9,000°R 

the real gas calculations are 30 percent lower than the perfect gas calculations. Thus, there is 

a wall temperature range (540°R < T ,  < 3,000°R) in which perfect gas calculations of  the 

laminar shear stress and heat-transfer rate are generally within 13 percent of the real gas 

values, but there are not enough calculations here to clearly define the range or the 

accuracies. Note that the wall temperature of  9,000OR is unrealistically high for a 

nonablating condition, and the calculation is shown only to consider an extreme case 

theoretically. Considerably more real gas effects are shown for the turbulent flow heat- 

transfer rates. The real gas heat-transfer rates are up to 27 percent higher than the perfect 

gas heat-transfer rates in the fully turbulent regime at Tw of  540°R. 
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3.2 BLUNT CONE CALCULATIONS 

The BLIMP, Patankar-Spaiding, and Lubard-HelliweU fully viscous shock layer codes 

were used to calculate the flow over a slightly blunted 7-deg half-angle cone at Much number 

22 at an altitude of 100,000 ft. The body was 9-1/2 ft long and had a nose radius of 0.08333 
ft. Both laminar and turbulent flows were calculated and instantaneous transition at the 

sphere-cone tangent point was assumed. BLIMP calculations were made for both real and 

perfect gas at several wall temperatures namely, 540, 3,000, and 9,000°R (again, the 
9,000°R temperature is not a practical nonablating temperature, but was chosen as an 

extreme upper limit to study real gas effects from a theoretical point of view). Several 

Patankar-Spalding runs were made for the same three temperatures for a perfect gas; and 

real gas calculations (both laminar and turbulent) were made at a temperature of  540 ° R. The 
viscous shock layer program is limited to a perfect gas assumption, and laminar and 

turbulent calculations were made only at a wall temperature of 540°R. These results are 
given in Figs. 7 through 16. 

Laminar, perfect gas, heat-transfer rates in the stagnation and spherical region of the 

body are compared in Fig. 7 for the three methods. Very good agreement is indicated at both 

wall temperatures. This good agreement is also obtained on the afterhody for the perfect gas 
laminar solutions (see Figs. 8a, b, and c). The boundary-layer solutions agree remarkably 
well; and at least part of the difference between the viscous shock-layer solution and the 

boundary-layer solutions (see Fig. 8a) may be attributed to viscous interaction effects that 
are unaccounted for in the boundary-layer solutions. 

The turbulent perfect gas solutions at Tw = 540°R (Fig. 8a) show a 40-percent difference 
in heat-transfer rate between the BLIMP code calculations (Kendall turbulence model) 
compared with both the Patankar-Spalding and the Lubard-Helliwell code calculations. It is 
noted again that the turbulence model in the Lubard-Helliwell code is virtually the same as 

that in the Patankar-Spalding code so that comparable results (excluding boundary-layer 

displacement effects) are expected from the codes. The difference between BLIMP and the 

other methods is in the same direction (an overprediction) as the overprediction of the 

experimental data shown by Bonnett and Evans in Ref. 8 when there were large property 
variations across the boundary layer. Notice that, at the higher wall temperatures (Figs. 8b 

and c), the BLIMP/KENDALL calculations approach the other results and are in good 

agreement at Tw = 9,000°R. 

To further investigate the above effects, it was decided to incorporate another turbulence 

model in the AEDC version of BLIMP. The Cebeci-Smith turbulence model (Ref. 18) had 
previously been used in BLIMP by Evans (Ref. 7) and was provided to AEDC under a 

15 



AEDC-TR-79-6 

consulting contract with Aerotherm. Results from BLIMP calculations with the Cebeci- 

Smith model are shown in Fig. 8 and are in good agreement with the results from the other 

codes even at the lowest wall temperature. Even though these theoretical results are not 
conclusive, it seems likely that the BLIMP/KENDALL model overpredicts the heat-transfer 

rate. 

A graph of the wall shear stress variation calculated by the various codes for the Tw = 
540°R case is given in Fig. 9. The data look very similar to the heat-transfer rate 

comparisons of Fig. 8a; again there is excellent agreement of the laminar results, and again 
the BLIMP/KENDALL turbulent shear stress results are higher than the shear stresses from 

the other codes. Once again the BLIMP/CEBEC! results are much closer to the calculations 

from the other codes. 

A comparison is made in Fig. l0 6f the pressure distributions along the body as 
calculated by the inviscid characteristics solution with that calculated by the viscous shock- 

layer program. Viscous interaction effects on the pressure are at most l0 percent (at an S/R 

50). 

Observation of.the velocity profiles across the shock layer for this entropy swallowing 

(blunt nose) case will demonstrate how well the various boundary-layer flow quantities 
match into the inviscid solution (no iteration was performed) and how they compare with 

the continuously varying quantities of the viscous shock-layer solution. Velocity 
distributions for the laminar boundary layer at S = 6.67 ft are presented in Fig. 1 !. The 
inviscid wall velocity is 18,050 ft/sec, and proceeding from the wall the inviscid velocity 
rapidly approaches 21,600 ft/sec. The boundary-layer velocity profiles from BLIMP and 
Patankar-Spalding are in good agreement, and at this station, the edge velocity has just 
about reached its maximum value. The fully viscous shock-layer (Lubard-Helliwell) profiles 

fair smoothly into the inviscid velocities. The viscous layer shock is further from the bedy 

than the inviscid characteristics solution shock because of viscous interaction effects. 

Velocity and total enthalpy distributions are plotted across the shock layer for the 

turbulent boundary layer at S = 7.18 ft in Figs. 12 and 13. The turbulent boundary layer is, 
of course, much thicker than the laminar one, and the edge velocity is reached further out on 

the inviscid velocity curve where the profile is flat. The BLIMP/CEBECI profiles agree well 

with the Patank.ar-Spaiding profiles. 

Real gas effects on the afterbody heat-transfer rate calculations are presented in Fig. 14. 
Entropy layer swallowing results from the Patankar-Spalding code and the BLIMP code are 

compared in Fig. 14a, and BLIMP calculations made both with and without entropy 
swallowing are given in Figs. 14b and c, for turbulent and laminar flow, respectively'. 
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Figure 14a shows that the perfect gas assumption for this Mach number 22, 100,000-ft 

altitude case results in a considerable underprediction of the afterbody heat-transfer rates, 

especially for turbulent flow. The real gas calculations are as much as 70 percent above the 

perfect gas calculations for the turbulent boundary layer (using the BLIMP/CEBECI 
calculation). Considerably less effect is indicated for the laminar flow boundary layer - a 

maximum of 13 percent for the BLIMP results and 9 percent for the Patankar-Spalding 
results. Note that for clarity only one line is shown for the perfect gas laminar calculations 

from both the BLIMP and Patankar-Spalding codes since these calculations were shown to 
be practically the same in Fig. 8a. Similarly, there is one line given for both the perfect gas 
turbulent Patankar-Spalding calculation and the perfect gas, turbulent BLIMP/CEBECI 

calculation (see Fig. 8a). 

The real gas laminar calculations of BLIMP and Patankar-Spalding (Fig. 14a) do not 

agree as well as the perfect gas calculations (Fig. 8a) apparently because of the different 

thermodynamic and transport properties in the codes. There is as much as an 8-percent 

difference in the calculations. The real gas turbulent boundary-layer heat-transfer rate 

calculations made using the BLIMP/KENDALL turbulence model gives results 
considerably higher than the Patankar-Spaiding results; and the BLIMP/CEBECI 

turbulence model results are in much better agreement with the Patankar-Spalding 
calculations. These trends are consistent with the perfect gas results. 

The graphs in Figs. 14b and c give a breakdown of real gas effects for calculations made 

with and without entropy swallowing. The turbulent calculations in Fig. 14b were made 
using the BLIMP/CEBECI turbulence model. Laminar calculations are given in Fig. 14c. A 

very pronounced effect of entropy swallowing is shown for the turbulent boundary layer in 

Fig. 14b. An 80-percent increase in heat-transfer rate is indicated at some body stations 
when real gas properties are used and a 50-percent increase when perfect gas assumptions are 

made. Also, by comparing real gas and perfect gas calculations, it may be seen that real gas 

effects are considerably higher when entropy swallowing is included in the calculation. Real 
gas effects are much smaller for the laminar boundary layer as shown in Fig. 14c. 

The increase in afterbody heat-transfer rates due to real gas effects shown previously in 

Fig. 14 are due in part to inviscid real gas effects. The real gas pressures are somewhat higher 
than the corresponding perfect gas pressures (Fig. 15), and the entropy change across the 
shock is considerably larger for the real gas (Fig. 16) (especially near the stagnation point) 
and would have some effect on the entropy swallowing results of Fig. 14. 

A summary of real gas effects on the wall heat-transfer rates and wall shear stresses at S 

= 7.18 ft for various wall temperatures and for both laminar and turbulent boundary layers 
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is given in Table 1 (based on BLIMP/KENDALL calculations). At the lower wall 

temperatures, the real gas heat-transfer rates and wall shear stresses are higher than the 

perfect gas values, but at Tw = 9,000°R, the equilibrium chemical reactions with molecular 

diffusion take over, and the real gas heat-transfer rate is less than the perfect gas rate. This 
higher temperature is not a practical nonablating temperature and was chosen as a 

theoretical extreme for the perfect gas comparisons. Real gas effects in the turbulent cases 

would have been larger if BLIMP/CEBECI calculations had been used, but these 

calculations were not available at all wall temperatures. 

Table 1. Summary of Real Gas Effects at S = 7 .18  ft on a Blunted 7-deg 
Half-Angle Cone at Mach Number 22  and 1OO,OOO-ft Altitude 
from BLIMP/KENDALL Calculations (S/RH = 8 6 . 1 6 )  

L a m i n a r  Flow T u r b u l e n t  Flow 

R e a l /  R e a l /  
T ffi 540°R R ea l  P e r f e c t  P e r f e c t  R e a l  P e r f e c t  P e r f e c t  w 

( B t u / f t 2 - s e c )  7 0 . 0  6 3 . 8  1 .097  350 .7  2 8 6 . 7  1 .223  

T ( l b / f t  2) 3.77 3.62 1.041 22.08 17.95 1.230 w 

T ffi 3 , 0 0 0 ° R  w 

( B t u / f t 2 - s e c )  60 .4  56.6  1.067 293.7 226.6 1.296 

r ( l b / f t  2) 3 . 6 4 '  3 . 4 2  1 .064  2 0 . 5 9  15 .04  1 .369  w 

T = 9 ,000°R w 

( B t u / f t 2 - s e e )  2 5 . 4  4 2 . 4  0 . 5 9 9  103 .4  145.6  0 . 7 1 0  

r ( l b / f t  2) 3 .14 3 .12  1.008 14.23 11.60 1.227 w 

4.0 COMPARISON OF ANALYTIC RESULTS WITH 

l tEAT-TRANSFER RATES MEASURED DURING THE 

REENTRY F Fi , IGHT EXPERIMENTS 

High-quality laminar, transitional, and turbulent heal-transfer rate data were measured 

during the Reentry F flight at a Mach number of  20 on a 5-deg half-angle cone 13 ft long 

with an initial nose tip radius of  0.10 in. This flight provided needed experimental data in 

regimes of simultaneous high Mach number,  high Re~aold.s number,  high total enthalpy, 

and low ratio of  v,.all-to-totai temperature, in the altitude range from 100,000 to 60,000 ft, 

data were obtained at Mach number 20, free-stream Reynolds numbers per foot of  2 x 106 to 

16 x 106 and total enthalpy of  7,900 to 7,300 Btu/Ib. 
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4.1 THE REENTRY F FLIGHT 

The Reentry F flight was conducted from Wallops Station, Virginia, on April 22, 1968. 
in planning the flight, care was taken to ensure that the test and environmental data would 

be of high quality and would be as free as possible from complicating factors such as 
pressure gradients and angle of attack. To limit nose bluntness effects, the initial nose tip 

radius was very small (0.1 in.). The primary structure was a 0.60-in.-thick beryllium cone 

with an ATJ graphite nose tip. The.primary measurement was the surface convective heat- 

transfer rate, although pressure distributions were also measured on the cone. Details 
concerning the instrumentation ancl other data required to analyze the flight are given in 

Refs. 24 through 26. 

Reentry F data provide an excellent opportunity to compare analytic results, obtained 

from BLIMP (Ref. 6) and from Ref. 12, with flight data in the turbulent regime. Transition 

was first detected on the spacecraft at an altitude slightly higher than 100,000 ft, and it was 
necessary to examine data at lower altitudes so that there would be a reasonable length of 

fully turbulent flow on the body. At altitudes of 87,000 ft and below, the spacecraft began a 
small pitch/yaw motion which created surface distortion because of temperature differences 

around the body. The results of a theoretical calculation of the body shape at various 

altitudes is given in Ref. 24. The forward portion of the spacecraft distorted more than the 

rear, with the leeward side of the body (0-deg ray) and the 270-deg ray assuming a concave 
shape. For the present comparison, flight data at an altitude of 77,000 ft are shown, where 

the body distortion was still relatively small (about 0.I deg at a point 10 in. from the nose, 

and less downstream) and the fully turbulent region on the body was long enough to have 
several heat-transfer rate measurements for comparison. At this altitude, the spacecraft was 

at an angle of attack of 0.35 deg, which was considered in the theoretical ca'lculations. 

An analysis of the nosetip performance is presented in Ref. 24, which considered both 
the thermochemical oxidation process with equilibrium chemistry, and also mechanical 

erosion effects (using ground test data). The analysis shows that the nosetip had a 
hemispherical radius at the stagnation point of approximately 0.16 in. at 77,000 ft. For the 

theoretical calculations presented below, the nosetip was considered to be sharp since the 

flight measurements under consideration here were measured at stations at least 2-Vz ft 
downstream of the nose (S/RN ~ 190). 

4.2 THEORETICAL ANALYSIS AND COMPARISON WITH FLIGHT DATA 

Two boundary-layer codes were used to analyze the Reentry F flights - BLIMP (Ref. 6) 
and the Ref. 12 Code (Adams). The Ref. 12 code uses a three-dimensional windward plane 
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of symmetry analysis for a sharp cone at incidence, and so can be directly applied to 
calculating the Reentry F flow on the windward side at angle o f  attack. An axisymmetric 

analogy approach (Ref. 27) had to be used with BLIMP because it is a two-dimensional 

boundary-layer code. The approach used was to calculate a spreading factor (h) for the 

sharp cone as (from Eq. (34) of Ref. 27) 

T a n  0 c 
118) 1 h =  , .  { Z / Z )  

where 

k = l 0w (19) 
u 0,~ 

and where the k was determined from the tables of  Jones (Ref. 28). Also 

r = Z "Fan 0 (20) 
0 0 C 

and Zo was taken as an arbitrary small number; Z is the distance along the body axis 

measured from the cone apex, and 0c is the cone half-angle. 

The spreading factors are entered into the boundary-layer program just as the 
axisymmetric radii are usually entered, along with the correct pressure for the cone at angle 

of  attack, and with this input, a usual two-dimensional calculation is made. 

lnviscid edge conditions for both BLIMP calculations and the Ref. 12 calculations were 

determined using the Jones tables (Ref. 28) which are based on an inviscid analysis of  a 

conical flow field about a sharp cone at incidence for a perfect gas. The validity of  this 

approach is indicated in Fig. 17 where the sharp cone inviscid solutions are compared with 

the measured pressure data of  Reentry F. Good agreement is shown for both the windward 

and leeward sides at 77,000 ft (or = 0.35 deg). 

A comparison of  the analytic calculations and the flight measurements of  the windward 

and leeward heat-transfer rates at 77,000-ft altitude is given in Fig. 18. The BLIMP 

calculations make use of  real gas properties, while the Ref. 12 code uses perfect gas 

properties. The BLIMP/CEBEC! calculations and the calculations of  Ref. 12 are in very 

good agreement in the fully turbulent region on the windward side, and both calculations 

represent a good approximation of  the flight data. BLIMP/KENDALL turbulent heating 

calculations are from 101to 30 percent higher than the flight data and the other calculations. 
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The BLIMP/CEBECI calculations agree well with the flight data on both the leeward and 
windward sides, and in both the laminar and turbulent regime; except that the two 

"l~minar" data points on the windward side are considerably underpredicted (about 35 
percent). It appears that the flow at S = 4.35 ft may be transitional rather than laminar and 

that the transition zone is not represented properly in BLIMP for this flight case. 

In conclusion, surprisingly good agreement in the fully turbulent region has been shown 
between reentry vehicle heat-transfer measurements and the perfect gas theory of Ref. 12 

and the real gas BLIMP theory using the Cebeci-Smith turbulence model. BLIMP code 

calculations using the standard Kendall turbulence model appear to overpredict heat- 

transfer rates at these cold wall conditions. 

5 . 0  C O N C L U D I N G  R E M A R K S  

Comparisons of BLIMP calculations with flight data and with the sophisticated flow- 

field calculation techniques of the Lubard-HelliweU fully viscous shock-layer code, the 
Patankar-Spalding boundary-layer code, and the Adams three-dimensional windward plane 

of symmetry sharp cone code indicate the following: 

1. The Kendall turbulence model in the BLIMP code overpredicts the heat-transfer 
rates and wall shear stresses for reentry conditions and the lower wall 

temperatures. The BLIMP code with the Cebeci-Smith turbulence model 

provides improved calculations, and this turbulence model should be substituted 

for the Kendall model. These results corroborate the findings of  Evans (Ref. 7) 
who made comparisons for rocket nozzle flows, and other ground test facility 

data. 
o 

2. Both BLIMP/CEBECI and the Adams code provided results which are in good 
agreement with the in-flight measured heat-transfer rates of the Reentry F flight 

in the fully turbulent region. 

. BLIMP calculations under laminar, perfect gas conditions where the 
thermodynamic and transport properties were identical - compared extremely 

well with the other calculation methods for both sharp and slightly blunted cones 
at Mach numbers above 20 over a large wall temperature range (540 to 9,000°R). 

. Large real gas effects on the calculated heat-transfer rates and wall shear stresses 
for a slightly blunted cone at Mach number 22 were shown, especially when 
entropy swallowing effects were considered. 
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5. There is a range of wall temperatures (approximately 540 to 3,000°R at least, but 

not clearly defined here) where perfect gas calculations provide acceptable heat- 
transfer rate or wail shear stress values for a sharp cone with laminar flow at 
Math number 25 and 100,000-ft altitude. 
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APPENDIX A 

CHOICE OF A SIMPLE AIR CHEMISTRY MODEL FOR 
NONABLATING BOUNDARY-LAYER PROBLEMS 

The input options for BLIMP allow a flexible choice of chemistry models to represent 
the boundary-layer gas. For the simple, nonablating, chemical-equilibrium case under 

consideration here, the input quantities which are used to specify the chemistry model are: 
(1) the mass fractions and atomic weights of  the various elements present, (2) certain data 

for each of the candidate chemical species (molecular, atomic, ionic, or electron species) 

including heats of  formation, and curve-fit constants which define the variation of specific 

heat (Cp), enthalpy and entropy over a temperature range (at a pressure of one atmosphere), 
and (3) diffusion factors for each candidate species, which are used ultimately to calculate 

the transport properties of the multicomponent boundary layer gas. If a state of  

thermodynamic and chemical equilibrium exists the relative amounts of the chemical species 
present can be determined (from the candidate species) when two independent 
thermodynamic variables are specified (for boundary-layer solutions, these are known from 

the inviscid pressure distribution, and either a wall condition (Tw, for example) or a 
boundary-layer edge condition, or the boundary-layer solution itself). 

The BLIMP user has control over which candidate species are to be considered for a 

particular problem. For example, if it is known that the reaction rate for the formation of a 
particular species is very slow, the BLIMP user may delete the data for this species from the 
input deck, and it will not be considered in the problem. Similarly, the equilibrium 

thermodynamic conditions might be in .a range such that the amount of a particular species 

present is minimal, and again it would be desirable to delete this species from consideration 

to speed up the BLIMP calculations (e.g., ionic species need not be included for a low 

temperature wind tunnel problem). It was the objective here to determine a simple chemistry 
model for air (minimum number of candidate species) to be used for nonablating high 

altitude problems which would still give accurate results for the thermodynamic and 
transport properties. The ionic species could be deleted from this basic model for low 
temperature wind tunnel problems. The gas was considered to be in chemical equilibrium. 

The starting point for the chemistry model determination was the work reported by 

Deblaye and Bartlett in Ref. 29. Deblaye and Bartlett determined an appropriate chemistry 

model for an ablating C-H-O-N-e- elemental system, and included in their report a 

comprehensive model for air which was evaluated by comparisons with data from many 

other sources. The reader is referred to this report for a discussion of the thermodynamic 
and transport property modeling used in the BLIMP program. The Deblaye and Bartlett air 
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model is summarized in the form of  BLIMP input data in Table 3, p. 23, and Table VI on p. 

56 of  Ref. 29. The data in Table 3 also include the various C-H species and these were 

eliminated to get the air model. 

Starting with these data several computer runs were made at AEDC using the ACE Code 

(Aerotherm Chemical Equilbrium Code, Ref. 30) to determine which species were present in 

significant quantities over a pressure range from 0.0001 to i,000 arm and a temperature 

range from 20 to 10,000°K. Unimportant  species were eliminated, and then the 

thermodynamic properties were' compared with the data of  Brahinsky (Ref. 31, which is 
based largely on the data of  Hilsenrath, Ref. 32) and the transport properties with the 

calculations of  Yos (Ref. 33). The elemental mass fractions used for the BLIMP chemistry 

model are the same as Hilsenrath (Ref. 32) except that the very small amounts  of  C02 and 

Ne were left out of  the BLIMP model. 

The resulting chemistry model is given in BLIMP-input form in Table A-I. The model is 

a 10-species model including these species: 02, N2, O, N, NO, A, e-, N + , NO + and O + . The 

ionic species were included to better model the transport properties at low pressure (p = 

0.0001 arm) and high temperature (T > 8,000°K). (A 10-percent discrepancy in frozen 
' . t  

thermal conductivity was obtained at p = 0.0001 atm and T = 8,000°K without the 
electrons, and 20 percent at T = 9,000°K). For nonablating reentry (T < 8,000°K) 

problems, these ionic species could be eliminated. Also, argon was incorporated to facilitate 

comparisons with the Hilsenrath data (which also included argon) and may be eliminated. 

Thus for many wind tunnel and high-altitude nonablating reentry problems, a chemistry 

model composed of  5 species is proposed, namely: 02, N2, O, N and NO. 

Comparison of  the 10-species model results for density and enthalpy with results 
tabulated by Brahinsky (Ref. 31) is given in Figs. A-I and A-2. Note that very good 

agreement is obtained up t h rough ' a  pressure of  100 atm. The high-pressure effects 

incorporated in the Brahinsky data begin to show up on the density results at pressures just 

above 100 atm (not shown in graph) and are significant at p = 1,000 atm at the' lower 

temperatures. Further comparisons with other data sources are presented in Tables A-2 

(enthalpy) and A-3 (specific heat at constant pressure) at the higher temperatures. Although 

they are not plotted here, the other pertinent thermodynamic variables were also compared 
versus the data of  Brahinsky or Hilsenrath (mole fractions, entropy, molecular weight). 

The thermodynamic curve fits were extended to lower temperatures during this study by 

adding a third temperature range to the BLIMP code, producing C O curve fits accurate down 

to 20°K. The data provided in Table A-l include this extended temperature range. 
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Graphs of the transport property calculations at a pressure of one arm are presented in 
Figs. A-3 and A-4. The standards of comparison given here are the data of Yos (Ref. 33) for 
high temperatures and the Sutherland equation presented in Ref. 23 at low temperatures 
(with Pr = 0.71 ,and Cp = 0.23989 Btu/lb). A linear extrapolation of the Sutherland 
viscosity equation is used at temperatures below 100°K. The data of Hansen, Ref. 36, are 

also shown at low temperatures. 

By referring to Figs. A-3 and A-4b, it may be seen that the BLIMP chemistry model 
(principally the diffusion factors) should not be used for temperatures less than 200°K 
because of poor agreement of the thermal conductivity and viscosity data with the 
Sutherland equation. The Sutherland equation and the Hansen data are in good agreement 

at the low temperatures. 

The BLIMP calculations compare well with the Yos calculations up to temperatures of 
4,000 to 5,000°K at a pressure of 1 atm. There is very little effect of pressure on either 
viscosity or thermal conductivity given by Yos up to the highest pressure tabulated (30 atm) 
at temperatures of 5,000°K or below. BLIMP also gives a small effect of pressure at these 

conditions. 

In summary, a simple 10-species chemistry model for air is given here which represents 
very well the air thermodynamic properties for the pressure range from 0.0001 to I00 atm 
and the temperature range from 20 to 10,000°K. Transport properties are represented 
reasonably well in the temperature range from 200°K to 4,000°K. This latter temperature 
range is sufficient for most nonablating reentry conditions. For certain wind tunnel 
calculations with sharp cone models, temperatures may be below 200°K, and the 
homogeneous option of BLIMP should be used together with the Sutherland viscosity 
equation with Cp = 0.23989 Btu/Ib and Pr = 0.71. The real gas calculations presented in 
this report were made using the 10-species chemistry model. For most nonablating reentry 
calculations and wind tunnel calculations, comparable accuracy would be obtained using a 

still simpler S-species chemistry model consisting of 02, N2, O, N and NO. 

55 



~q 

T a b l e  A - 1 .  B L I M P  C o d e  I n p u t s  f o r  t h e  S i m p l e  C h e m i s t r y  M o d e l  

? NITROGEN 1+ .008  - , 7555- - i  
8 OXYGEN 16.000 - - - . 2 3 1 5  ~ - g l e m e n t a l  Mass F r a c t i o n s  

18 AHGON 3909+8 - 0 0 1 3 ~  
99 ELECTRON 0.0005~ 
20 

02 0 .955 02 - 1 . 0 0 3  N2 18027 N2 
0 0 , 7 0 6  0 - 0 . 6 6 6  N 08755 N 
NO 0e998 NO " 0 . 9 9 8  A 1.068 A 
E" 0005 E- " . 0 0 8  NO* 10059 NO* 
N+ 0729 N4" - . 7 7 9  O+ .778 O+ 

1 18 0 0 0 0 0 0 0 0 0 0 0 ODORRELL 11-05-7+ 
134150*5 +96410,1 48+500*2 O. 
13+150+5 496+10,1 484500,2  O, 

2 8 GILMORE " JANAF 

3000,1 
3000,1 

574000*0 234441*5 807265.1 503078-3 -238637*6  679715*2 - 5 0 0 .  2b00,1 
$74000.0 234554*5 977777*1 110622-3-416367*7  679?55*2 2500,  6000,1 
574000*0 239896*5 67 |1ug*1  131479-2 891812*2 680258*2 200 5 0 0 0 |  

2 7 GILMORE o JANAF 
-110000 .0  222368*5 7603g+'1 5 0 | 4 6 7 - 3 - 2 3 + 7 0 8 * 6  637903*2 -bOO, 2600,1 
-110000*0  221842*5 858g+8"1 972320-+-781+11.S  637717*2 2500,  6000,1  
-110000*0  182149*5 6 g g S l § * l - 1 5 g 6 8 7 - 3 - 1 5 + � 5 6 + 2  6 |5040*2  20,  b00,1 

| 8 0 0 0 0 0 U 0 0 0 0 0 OJAflAF TAPE 7/71 6 /62  
595589*5 135166*5 +961764|  5673+6-5 298680*5 500932*2 - 5 0 0 ,  2500,1 
595589*5 135210,S 450112"1 133922-3 90+980*6 50094?*2 2500,  6000.1 
595589*5 100863*5 566946 ,1 -117145 -2  83+751*2 +83605*2 20 .  500,1 

7 0 0 0 0 O U 0 0 0 0 0 OJANAF TAPE 7/71 3/61 
112964+6 134412 .5  +92461 .1  2 7 1 3 6 4 - 4  956039*+ + 8 0 9 1 6 . 2  - 5 0 0 .  250001 

%112964*6 134277*5 2777~2*1 523356-3 56?T~9*7 480868*2 26000 6000,1 
112964*6'  135297*5 4961+2 .1  2 9 9 7 5 8 - 4  246+~?*1 481461*2 20e b 0 0 o l  

1 7 1 8 GILHORE- JANAF 
215799*5 227508*5 808175,1. 354+95-3-276336+6 688669*2 -500+ 2500.1 
215799*5 227145*5 877301+1 726516-+-192889 .6  6885+ | *2  2500.  6000.1 
215799*5 171236,5 750704 ,1 -708686-3  23957+,3 657170*2 20.  500.1 

I 99 0 0 0 0 0 O 0 0 0 0 0 UCONVAIR ZPH-122 12/61 
14901045 +.966 | 6 . 4558  10. 3000.  1 
149010+5 +98851+1-272800-5-136~00~6 16+558+23000. 10000.1 

1 7 -1 99 0 '0 0 0 0 0 0 0 0 OCONVAIR ZPH-122 12/61 
+466+14"6 1513104.5 40998 4906847 10. 3000.  1 
4466414"6 151310~5 501751÷1 617100~4-184100~7 496847+23000. 10000.1 

1 7 1 8 " |  99 0 0 O 0 0 0 0 OCONVAIR ZPH-122 12/61 
232919~6 241970+5 8083+ 6584379 10e 30000 1 
2 3 2 9 1 9 , 6  241970k5 9102164-1 2 7 7 4 0 0 - 4 - 3 1 6 6 0 0 + 7  654379+23000 .  10000 .1  

1 8 -1 99 0 0 0 0 0 O O O+ O--OCONVAIR ZPM-l~2 12/61 
371999+6 l+g29t.'4"S +093~ +804849 10o 30000 1 
371999+b 1492901~5 336271+1 306710-3 590200,7 4848+9~23000v 10000o1 

-1.026"-~ 
-o,7+9 L 

- - 1 , 0 6 8  [ 
- 1 .101  / 

- . 8 2 1  . ~ .  
£ 
k 
A 
02 
02 
02 
02 
N2 
N2 
N2 
N2 
0 
0 
0 
0 
N 
N 
N 
N 
NO 
NO 
NO 
NO 
E- 
E" 
E- 
N+ 
N+ 
N'I- 
NO+ 
NO+ 
NO'I" 
04" 
O'l" 
0"1-__ 

D i f f u s i o n  F a c t o r s  

- C u r v e - F i t  C o n s t a n t s  

N o t e :  See Refo 6 f o r  
D e f i n i t i o n s  and  
Code I n p u t  F o r m a t  

)> 
I l l  

o 
o 

- n  

U )  
& 



AEDC-TR-79-6 

Table A-2. Comparison of Values of Enthalpy at High Temperatures 

Pressure, 

1 x 

arm 

x 10 -3 

10-2 

1 x 10 -1 

10 

I00 

T, 
OK 

6,000 

8,000 

10,000 

6,000 

8,000 

10,000 

6,000 

8,000 

10,000 

6,000 

8,000 

10,000 

6,000 

8,000 

10,000 

6,000 

8,000 

10,000 

Feigenbutz 
Solum 

(Ref. 34) 

9.004 

11.794 

26.144 

7.903 

10.538 

16.762 

5.332 

10.045 

12.807 

3.640 

9.143 

11.461 

2.979 

6.620 

10.603 

2.645 

4.530 

8.365 

Values of Enthalpy, 
k c a l / g m  

Predvodltelev 
(Ref. 35) 

8 . 9 2 1  

1 1 . 7 4 0  

2 6 . 3 4 0  

7.812 

10.480 

16.830 

5 . 2 5 0  

9 . 9 8 4  

1 2 . 7 9 0  

3 .572  

9 . 0 2 4  

1 1 . 4 1 0  

2 . 9 1 4  

6 . 4 4 8  

1 0 . 5 4 0  

2.570 

4.401 

8.296 

Hansen  
(Ref. 36) 

9 . 0 4  

1 1 . 8 8  

2 2 . 6 1  

7.94 

10.61 

17.00 

5 . 3 2  

10 .11  

1 2 . 9 3  

3.58 

9.18 

11.55 

2 . 9 3  

6 . 5 8  

1 0 . 7 1  

2 . 6 2  

4 . 4 8  

8 . 5 2  

BLIMP 
(Ref. 6) 

8 . 9 2 7  

1 1 . 7 6 2  

2 6 . 3 4 8  

7 . 8 1 0  

1 0 . 4 9 7  

1 6 . 8 9 0  

5 . 2 4 8  

9 . 9 9 2  

1 2 . 8 5 0  

3.573 

9. 025 

11. 473 

2 . 9 1 7  

6.  445 

10.  599 

2.  573 

4 . 4 0 3  

8 . 3 3 0  
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Table A-3. Comparison of Values of Equilibrium Specific Heat 
at Constant Pressure at High Temperatures 

m 

- n  

(D  
& 

Qo 

P / Po 

10-4 

10-4 

10-4 

10-3 

10-3 

10-3 

10-2 

10-2 

10-2 

10-2 

10-1 

I0-i 

1 

1 

1 

1 

10 

10 

Values o£ Cp, 
T, cal/gm-°K 

OK Feigenbutz Predvoditelev Brahinsky and BLIMP 
& 8olum (Ref. 35) Neel (Ref. 31) (Ref. 6) 

(Ref. 34) 

6,000 

7,200 

9,700 

7,300 

8,300 

9,600 

6,400 

8,600 

9,200 

9,900 

7,100 

8,000 

6,000 

6,700 

8,100 

9,200 

7 ,600  

9 ,400  

2 .1383  

0.9145 

5.3633 

1.0980 

1.0306 

2.0892 

3 .4651  

1 .0432  

0 .9927  

1.1827 

2.6029 

2.8005 

0.7075 

1.0197 

1.9995 

2.3263 

0.8512 

1.5353 

2.150 

0.9141 

5.369 

1.099 

1.031 

2 .092  

3 .330 

1 .049  

0.9964 
1.184 

2.586 

2.801 

0.7069 

1.015 

1.981 

2.316 

0.8475 

1.5J7 

2.2281 

0.9141 

5.3100 

1.1321 

1.0301 

2.0770 

3.4023 

1.0683 

1.0039 

1.1894 

2.5465 

2.8027 

0.7041 

1.0007 

1.9502 

2.3009 

0.8369 

" 1.4914 

2.235 

0.912 

5.273 

1.135 

1.036 

2. O802 

3.4025 

1.0837 

1.0233 

1.2117 

2.5417 

2.8087 

0. 7018 

0.9982 

1,9508 

2.3338 

0.8342 

1. 5020 
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Figure A-4. Concluded. 
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A 

Ab 

A + 

CD F 

CDp 

Cp 

C 

k 

MOo 

Pr 

Prt 

A EDC-T R-79-6 

NOMENCLATURE 

Surface area 

Base area 

Constant in Eq. (8), 26.0 

Skin friction drag coefficient, Jr .  cos 0 dA/q®Ab 

Pressure drag coefficient, 5(P - P®) sin 0 dA/qo.Ab 

Specific heat at constant pressure 

Constant in Eq. (14) or (16), 0.0168 for BLIMP/CEBECI, 0.0180 for 
BLIMP/KENDALL 

Spreading factor for angle-of-attack effects, Eq. (18) 

Static enthalpy 

Constant in the mixing length equation, Eq. (6), (7), or (8), 0.435 for Patankar- 
Spalding 

Constant in the BLIMP/KENDALL mixing length equation, Eq. (10), (11), or (12), 
0.44 

Thermal conductivity 

Cross-flow parameter, see Eq. (19) 

Mixing length, Eqs. (4) through (8), (10) through (14), (16) 

Free-stream Mach number 

Prandtl number, Cp/~/k 

Turbulent Prandti number, Cp em/eh 
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AEDC-TR-79-6 

P 

/ 

Po 

q= 

Re= 

RN 

r 

Static pressure 

Total pressure behind a normal shock 

r o 

S 

T 

T e 

Tw 

Ue 

Ue N 

U r 

Vt 

V t 

W 

Free-stream dynamic pressure .. , ,. 

Heat-transfer rate 

Free-stream Reynolds number 

Nose radius .. : 

Distance measured perpendicular to the body centerline and from. the body 
centerline 

Defined by Eq. (20) 

Distance along the body surface measured from the apex (sharp cone)or  
stagnation point (blunt body) 

Temperature 

.I 

Temperature at the edge of the boundary layer 

Wall temperature 

Streamwise velocity 

Velocity at the edge of the boundary layer 

Velocity at the edge of the boundary layer assuming normal shock entropy at the 
outer edge 

Fluctuating streamwise velocity .. 

Turbulent velocity (=  ue in Eq. (16)) 

Fluctuating normal velocity .. 

Circumferential velocity component 
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y÷ 

y=* 

Z 

Zo 

a 

"y 

&s 

6 

Yl 

5* 

P, 

Eh 

~m 

0 

0 

0 C 

), 

AEDC-TR-79-6 

Distance perpendicular to the body surface 

Total boundary-layer thickness defined as the point where the velocity in the 
boundary layer is equal to 0.99 of ue, or in some of the programs the point where 
the total enthalpy is 0.995 of the free-stream total enthalpy 

Dimensionless normal coordinate defined by Eq. (9) 

Constant in Eq. (12)(= 11.823) 

Distance along the axis measured from the sharp cone apex or from a blunt body 
stagnation point 

Constant in Eqs. (18) and (20) 
i 

Angle of attack 

Ratio of specific heats 

Increment in entropy from normal shock value 

Boundary-layer thickness 

Boundary-layer displacement thickness 
I 

Incompressible boundary-layer displacement thickness, Eq. (15) 

Eddy thermal conductivity 

Eddy viscosity 

Boundary-layer momentum thickness 

Body surface angle, referenced to a line parallel to the body centerline 

Cone half-angle 

Outer law mixing constant, 0.090, Eq. (13) 

Lf  
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AEDC-TR-79-6 " -  

# Molecular viscosity 

Q Density 

Qo Density at standard conditions of  p = I atm, T = 273.15°K 

Shear stress 

r,,. Wall shear stress 

4, 

SUBSCRIPTS 

Kinematic viscosity 

Circumferential angle; ~ = 0 is v, indward plane of  symmetry 

W 

Edge o f  the boundary layer 

Wall condition 

o. Free-stream condition 

SUPERSCRIPT 

Fluctuating quantity, (except PoJ 

Quantity averaged with respect to time 
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