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1.0 Introduction and Executiv mm

The trend towards very large area vatio nozzles, which result in performance gains for
space propulsion applications, has increased the need for detailed knowledge of the momentum
losses due to nozzle viscous effects (i.e., boundary layer). These losses degrade overall system
performance, such as increasing system weight, decreasing useful payload weight, and/or
decreasing effective system range. Another important factor in the designing of propulsive
nozzles is the detailed knowledge of heat transfer at the wall for regeneratively cooled walls
and/or material performance.

Because of the importance to rocket propulsion, the Astronautics Laboratory
(AL/AFSC) has sponsored the Boundary Layer Study Contract to improve the understanding
and computational predictive capabilities for boundary layers in rocket nozzles with very high
area ratios.

The contractual effort was broken down into 4 work tasks with 2 deliverable computer
programs plus documentation and two technical reports. The basic thrust of the effort was to
develop an increased analytical capability to predict the performance loss of thick boundary
layers in high area ratio propulsive nozzles. This objective has been successfully met.

A description of the four work tasks under this contract, along with the
accomplishments made during each task, are:

1) Extension of Current Boundary Layer Technology:
0 Extended the Boundary Layer capability of the JANNAF TDK/BLM
code to predict thick boundary layer losses including the effects of

longitudinal curvature

0 Established the deficiency of the current JANNAF method of computing
the boundary layer thrust loss for thick boundary layers



2) Thick Boundary Layer Assessment

0 Surveyed existing codes (both full and parabolized Navier—Stokes
solvers) for solutions to the nozzle flow problem

o Asscessed the effects of various assumptions on computed boundary layer
parameters
o Established the course of action to be taken for the development of the

new code developed in the Phase 3 effort
3) New Analytical Methods
o Produced a new code for predicting the performance (including very
thick boundary layers) of propulsive nozzles. The new code is called

VIPER (Viscous Performance Evaluation Routine)

0 Validated the VIPER against data and the existing JANNAF Standard
Code, TDK/BLM.

4) Experimental Validation Test Plan

0 Assessed the state of the art of diagnostics techniques for boundary layer
measurements in nozzles flows

0 Visited and discussed methods and techniques with sources in industry
and government

o Made recommendations for a.test plan to validate the turbulence models
used in the codes developed under this contract

A series of 4 technical reports were written which describe in detail all of the technical
effort under this contract. These reports are:




Phase 1 Effort

AFAL-TR-87-031, "Two-Dimensional Kinetics (TDK) Nozzle Performance
Program - Thick Boundary Layer Version", February 1988

Phase 2 Effort
AL-TR-90-041, "Boundary Layer Study Thick Boundary Layer Assessment"
Phase 3 Effort

AL-TR-90-042, "Viscous Interaction Performance Evaluation Routine for
Nozzle Flows with Finite Rate Chemistry"

Phase 4 Effort
AL-TR-90-043, "Boundary Layer Study Experimental Validation Test Plan"
Conclusions

o The more general form of the JANNAF Boundary Layer Loss Equation
should be adopted as the JANNAF standard

0 That longitudinal curvature is not an important effect for conventional
propulsive nozzles

0 That PNS codes, such as the VIPER code, are required to supply the
necessary accuracy to resolve the boundary layer and core flow for
propulsive nozzles with thick boundary layers

o The VIPER code represents a significant advancement in nozzle
performance prediction capability

o That direct experimental measurement of the boundary layer loss
parameters are required to validate the analytical loss models




Recommendation

0 That the VIPER code be considered as a JANNAF standard for high arca
ratio propulsive nozzles

o] That the VIPER code be extended to add:

particulate flows,

real nozzle effects, such as tangential slot injection,
chamber/injector models,

better shock capturing capability, and

a more robust k—€ turbulence model

0 That the experimental test plan recommended in the Phase 4 work be
executed




2.0 Phase I Work Effort - Improvements to Current Technology

The purpose of the Phase I work effort was to investigate ways in which the current
performance prediction methodologies could be extended, and to select the most promising
approaches and implement them in the current performance code(s). The objectives of the
Phase I work were met. Section 2.1 describes the investigation of methods to extend current
technology, section 2.2 describes the actual modifications and results, and section 2.3 describes
the results and conclusions.

2.1 Investigation Into Extensions of Current Technology

At the start of the Boundary Layer Study Contract, the April 1985 Version of the TDK!
program was the JANNAF standard code for computing the performance of liquid propellant
rocket engine nozzles. This code represented the state of the art in nozzle performance
prediction. The boundary layer module incorporated into TDK at that time was the BLM
modell’z’s. This module would compute the boundary layer in a nozzle assuming a
non-calorically perfect gas for either laminar or turbulent flow. The turbulence model used
was the Cebeci-Smith eddy viscosity model4, which also included the effect of transverse
curvature.

Since the purpose of the Phase I work was to extend current technology in computing
boundary layer losses, it was important to understand the underlying assumptions which are
present in the boundary layer equations as used for performance calculations.

The boundary layer equations are "deduced" using an order of magnitude argument*.
Reference 4, pp 39-44, contains an excellent presentation of the TSI (thin shear layer)
equation derivation. Classical derivations of the TSL equations, e.g., Schlichting , pp 128-131,
Laudau and Lifshitz6, pp 145-147, tend to ignore the fact that the normal pressure gradient,
JP / dy, vanishes not because the shear layer is thin (6 / £ <<1), but because they have

assumed that the surface is relatively flat, i.e., that the radius of curvature, R , is large, or

c

* There are more mathematic lly rigorous derivations of the boundary layer equations

7 . .
than these, for example, Van Dyke . However, the choice of the perturbation
parameter and form of the series expansion are based on order of magnitude analysis.




more precisely R,/ £>>1. The tem: that is normally neglected is the “centrifugal :orce”

equation, i.e.,

The neglect of this term is justified when R c /€>> & / £ which is usually the case in propulsive

nozzles (9 is usually very small when ¢ is small). However, when the shear layer thickens to
the point that & / £ = 0(1), then we can no longer assume a priori that the normal pressure
gradient has a negligible effect ~n the flow in the shear layer.

There are «wo effects which cai have a potentially significant impact on the viscous
thrust loss which are not normally accounted fo+ in classical boundary layer theory:

o transverse curvature
o longitudinal curvature

The -effect of transverse curvature was -already ‘treated in the BLM module and is not
discussed here. In the following sections, the effect-of longitudinal curvatu , will be examined
in light of its impact on the mean flow and the eddy~viscosity models. -Also not included in
the JANNAF boundary layer codes is the =ffects of wall roughness. These effects are also
discussed.




Longitudinal C Effec

The effect of longitudinal curvature on the flow results (i.e., nozzle performance)
manifests itself in several ways, the most important are

o on the mean flow in the bour."ary layer (centrifugal force and normal stresses)
o in the turbulent shear stress model (eddy viscosity models)
o in the interaction with the core flow

The variation in mean flow due to the centrifugal force balance nas been sstimated by
Beddini8 to be about two percent in momentum thickness on the J2 nozzle. This change in
thickness translates into a like amount in thrust loss. Note that while none of the commonly
used boundary layer codes are accurate to within 5%, (probably not even 10%), it is important
to be able to predict the trends accurately in order to know the relative amount of performance
increasc (or decrease) if the nozzle area ratio is enlarged.

Cebeci & Bradshaw4 discuss the mean flow terms and their order of magnitude relative
to the other boundary-layer terms. They point out that centrifugal force terms are generally
intractable and normal stresses are usuvally negligible in weakly turbulent flows. For this
reason the thin boundary-layer approach is usually adupted even in cases where it isn't strictly
applicable.

The contribution of turbulence to the normal stresses have reccived relatively little
attention in the literature. Finley9 analyzed experimental data from cooled-wall and adiabatic
hypersonic flow nozzles. He attributed the large variation of static pressure in hypersonic
nozzle boundary-layer flows to be the combined effects of longitudinal curvature of the mean
streamlines and the increasing importance, as the Mach number rises, of the Reynolds stress
contribution to the total normal stress perpendicular to the wall. He concluded that at its peak
value the Reynolds stress may provide a normal stress contribution equal to that of the mean
static pressure.

The influence of longitudinal curvature on the mean boundary-layer flow can be
modeled in several ways. The first way, pointed out by many authors, is to simply include the




centrifugal force term in the y-momentun equation, i.e.

2
dP _ __ov_pu
dy “PUx ® .

where R c is the longitudinal radius of curvature of the body.

Two rigorous approaches tc modeling the effects of longitudinal curvature (on the

mean flow) have been taken in the literature. These are the singular perturbation analysis of
710 .. 1
Van Dyke ’  and the metric influence of curvature method of Schultz--Grunow and Breuer .

The singular perturbation theory is too complex to go into here. Suffice it to suy that
starting with the Navier—Stokes equations the problem is solved by a scheme of successive
approximations by the method of inner and outer expansions. Two complementary expansions
are constructed simultaneously, and matched in their overlap region of common validity. To
lowest order in the inner region the Prandtl boundary-layer theory is recovered while the ouier
region is an inviscid flow. Higher—order solutions in each region give the perturbations to the
boundary-layer and external flows. For example, the boundary—layer displacement effect
shows up in both the inner and outer regions. The perturbation method simplifies the problem
because viscous effects are confined to the inner region which is parabolic and hence casier to
solve than the full (elliptic) Navier—Stokes equations.

The approach of Schultz—Grunow and Breuerll is considerably different from the
perturbation approach. They adopt a curvilinear system of coordinates and take the arc length
along the surface as the x—coordinate. This brings the longitudinal curvature directly into the
problem since any differentiation with respect to x carries a factor of the ratio of curvature
radii (wall position to actual position). Schultz-Grunow and Breuer derive the boundury- layer
equations from an order of magnitude analysis performed on the complete Navier—Stokes
equations. They obtain the following set of equations:

Continuity: g-:% + g-)-l (1+ky)v=0



2

du du _10P Jdu
X-momentum ugt (1+ky)v o + kuv = b ax + (1+ky)v —ay2
du ku
+ vk [3}—, " T+kv ]
) 2 1+kz oP
y-momentum ku 5 &

where k = I/Rc. These equations are valid for concave as well as convey. surfaces (k>0 for

convex walls and k<0 for concave walis).

The authors point out that these equations contain all the second-order terms of the

second-order perturbation theory (Van Dykelo), namely those of order 1 /JFe, and the exact
metric influence of curvature. An additional term was included in the equations as well (the
only justification given is that the main flow is then an analytic solution of the boundary-layer
equations [sic]). Also note that these equations reduce to the classical boundary-layer
equations when k = 0.

Cebeci, Hirsch, & Whitelaw12 analyzed the turbulent boundary layer on a (convex)
longitudinally curved surface using the mean flow equations of Schultz-Grunow and Breuer11
discussed above. In their treatment they replaced the laminar viscosity with an effective
viscosity, Vv + & The eddy viscosity (z-:m) was specified to be the standard Cebeci and

13 14 .
Smith = eddy-viscosity formulation modified by Bradshaw's correction for longitudinal
curvature.

Cebeci and Smith13 point out that streamline curvature may increase or decrease the
turbulent mixing, depending on the degree of wall curvature, and it can strongly affect the skin
friction and heat transfer coefficients. They also included the streamwise curvature effect into
the eddy-viscosity expression. (This will be discussed later). Eghlima et.al.15 used a similar
approach.

Longitudinal curvature has an effect on the structure of turbulence as well. In a
boundary layer on a convex wall, see Figure 1, the centrifugal forces exert a small stabilizing
effect. In ontrast with that, concave walls have a de-stabilizing effect due to instabilities
known as Taylor-Gortler vortices, (see Figure 2). Physically, the fluid element in a curved
stream whose angular momentum decreases with increasing distance from the -enter of




Figure 1: Flow by Longitudinally Curved Walls
(From Reference 16)

Figure 2: Streamline pattern of Taylor-Rortler Vortices
(From Reference 16)
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curvature is unstable. If the element is slightly displaced outward from the center, conserving
its ang. lar momentum about the center, it will be moving faster than its surroundings (which
have a smaller angular momentum). Therefore the radial pressure gradient that controls
streamline curvature will be too small to direct the displaced element along a streamline of the
main flow, and the element will move even further outward. The converse argument holds for
inward displacement. These instabilities affect both the transition to turbulence and the eddy
viscosity.

Bradshaw14 has developed an expression for the effect of longitudinal curvature which
can be incorporated into the Cebeci-Smith eddy viscosity expressionw. The inner
eddy-viscosity expression is multiplied by S2 which was obtained by Bradshaw using an
analogy between streamline curvature and buoyancy in turbulent shear flow. The expression
for S is given by

S =11+ BR)
R, = 20/(R , du/dy)

where Ri is analogous to the Richardson number. The parameter f is equal to 7 for conve);
surfaces and 4 for concave surface according to meteorological data and by Bradshaw's
analogy between streamline curvature and buoyancy. According to Bradshaw, the effects of
curvature on the mixing length or eddy viscosity are appreciable if the ratio of boundary-layer
thickness to radius of curvature, §/R - exceeds roughly 1/300.

The interaction of the core flow with the shear layer manifests itself in the application
of the boundary conditions for both the shear layer flow and the core flow. For the TSL
approximation it is proper to view the system as a singular perturbation problem with the inner
flow (i.e., the shear layer) boundary condition being applied at infinity (not &), and the outer
flow (the core flow) boundary condition applied at the wall. The matching condition is:

Inner Limit of the Outer Expansion (ILOE) =
Quter Limit of the Inner Expansion (QLIE)

o adanasy

11



The two flows are then connected iteratively by displacing the wall by &* and recomputing the
outer flow.

The same procedure of matching the two flows (i.e., IL_PE=OLIE) is used for higher
order boundary layer theory as discussed earlier (see Vaa Dyke , p. 91 and pp 134—136, and
Schlichting5 pp 144— 147). While higher order boundary layer theory does not lend itself
readily to numerical solution, it does give a guide to understanding the interaction between the
shear and core flows. Also, second order boundary layer theory contains all of the terms
which are of concern here.

As previously noted, for numerical applications the procedure most commonly used to
include the effects of curvature is to include all of the second. order terms in the equation set
which is solved. Examples of this procedure are given in References 11, 12, and 15. Also
included in Reference 12, Cebeci et.al., are curvature effects on the eddy—viscosity model.

The correction to the outer inviscid MOC solution is done by displacing the wall by the
displacement thickness, 6*, and rerunning the inviscid core solution. Examination of higher
order boundary layer theory shows that this procedure is correct through second order. Hence,
the deficiency with the current boundary layer matching conditicns just concerns modifications
to the boundary layer codes.

Wall Roughness Effects

Most nozzle boundary layer computer programs caiculate wall roughness effects in an
uncoupled manner. For example, surface roughness height is used to compute an augmented
heat transfer rate. Such an approach is completely unsatisfactory if a purpose of the
calculation is to estimate nozzle thrust loss, because the thrust loss calculation requires a
rigorous energy balance. The wall roughness height found on liquid rocket wall materials are
small enough that a coupled calculation can be performed. A coupled method for analyzing
the wall surface roughness is described below.

The effects of o rough wall on the boundary layer can bhe simulated by the method of
Cebeci that is described in Reference 17. In the method developed in Reference 17, the inner
region of the Cebeci—Smith eddy viscosity formulation is modified to provide for surface

roughness. This is done by modifying the mixing length

12




£=0.4y [1-exp (-y/A)]

as described below. First, it is recognized that the velocity profiles for smooth and rough walls
are similar, provided that the coordinates are displaced, i.e.,:

{ = 0.4 (y+Ay) { 1-exp[-(y+Ay)/A] }

The displacement, Ay, is expressed as a function of an equivalent sand-grain roughness
parameter, ks’ ie.,.

Ay =09 (VU K} - k; exp (K/6)]
where

Ky =k, UJv.
This expression is valid for

4.535 < k: < 2000

where the lower limit corresponds to the upper bound for a hydraulically smooth surface.
Typical values for equivalent sand roughness, ks, are given in Table 1, which has been taken

from Reference 4.

13




Table 1: Equivalent Sand Roughness for Several Types of Surfaces

Type of surface k gm
Aerodynamically smooth surface 0
Polished metal or wood 0.050.2x 10
Natural sheet metal 04 x 10—3
Smooth matte paint, carefully applied 0.6 x 10_3
Standard camouflage paint, average application 1 x 10-3
Camouflage paint, mass-production spray 3 x 10“3
Dip-galvanized metal surface 15 x 10-3
Natural surface of cast iron 25 x 10—3

The metallic walls, such as Columbium, of liquid rocket engines fall into the range of
ks given in the above table. For OTV engine wall boundary layers the k: parameter should be

valid, i.e., <2000.

In addition to modifying the eddy viscosity model as described above, it is necessary to
discuss the initial boundary layer profile, and the wall boundary conditions. With respect to
the former, Cebeci used a modified version of Cole's velocity profile. This method is
somewhat complicated and is perhaps unnecessary. A transition from a smooth wall profile by
the gradual introduction of roughness should allow the necessary profiles to be generated
automatically. With respect to the wall boundary condition, Cebeci uses a displaced wall
boundary condition”. However, this is not necessary and no modifications to the wall
boundary conditions were made.

14



Section 2.2 Implementation

. . . . 1
The recommendations of Section 2.1 were incorporated into the TDK code. In

addition, it was discovered that the standard JANNAF method of computing the boundary
layer loss was inadequate for thick boundary layers.

The following lists the major changes to the TDK code. The section numbers refer to

the sections in AFAL TR-87-0%1, Ref 19 which is the report which details the TDK version
produced under Phase 1.

1

2)

3)

4)

5)

6)

The boundary layer module, BLM, has been modified to include the effects of
longitudinal curvature on both the mean flow and turbulent shear stress in the boundary
layer. The thrust loss expression has been completely re—derived and three options for
computing the thrust loss are included in the code.

Section 2.6, the BLM analysis section, has been rewritten to include the above
modifications and to expand and clarify the numerical procedure.

Section 4, the program structure documentation has been redone to refiect the code
changes.

Section 5.6, the BLM Subroutine descriptions, has been extended to include the new
modifications. Existing documentation has been expanded so that the documentation is

more useful.

Section 6.8, the BLM Input description, has been revised to reflect the changes in the
code.

Section 7, the sample cases, has been redone to reflect the output for the current
version of the code.

The TDK Computer Program is designed for engineering use. The FORTRAN IV

programming language has been used in an attemp: to make the computer program as machine

independent as possible. The complete engineering and programming description of the TDK

15



Computer Program is contained in Ref, 19.

Section 2 of Ref. 19 contains a description of the methods of analysis used in the
computer program.

Section 3 contains a description of the numerical methods used to integrate the fluid
dynamic and chemical relaxation equations in the computer program.

Section 4 contains a description of the program structure.

Section 5 contains a detailed engineering and programming description of the program
subroutines.

Section 2.3 Phase I, Results and Conclusions

Perhaps the most important result from the Phase I work was the discovery that the
standard JANNAF performance methodology was inadequate for thick boundary layers.

The conventional JANNAF method 202 for evaluation of the viscous thrust loss in
rocket engine nozzlc “mploys both the boundary layer momentum and displacement thickness.
This method can be _rrived at by two different approaches as shown by Alber22. The basis for
the approach is to compare the thrust of an inviscid nozzle to a viscous nozzle with the same
mass flow rate. In the equation given below, the first term represents the prassure forces
acting on an inviscid nozzle and the second and third terms represent the total stress forces
acling on the viscous nozzle.

s S _ =
AT = | (p* - p_)2m, d; 2 dx - | (py - p,)2n(ry+5%cosh) ‘i(&ﬁg;@-‘h dx (1)
o ° 0

8 -
+ [ 7 2n(ry+5*cosd)cosd dx
0

where the distance

ot
1721

om the axis to the potential wall and p* is the pressure at r, as is
[

“p

shown in Figure 3.

16
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Figure 3. Nozzle Wall Schematic
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When the boundary layer characteristics lengths, 8, 6, and %, are assumed to be small
compared to the charactegstic nozzle lengths, r and R, then equation (1) reduces to the
standard JANNARF relation

AT = 27 cos( [pcugroo - 166*(p,. - poo)] (2)

If the boundary layer thickness assumption that §/R. << 1 is relaxed, then the modified
JANNAF relation can be derivedw, ie.,

g‘r = peulroBoos - rg8*(pe - p,cosd @

using the alternate forms of the momentum and displacement thicknesses for axisymmetric
flows shown below

o
thi o = I—'.- _p...ll. - l.l.. 4
(momentum thickness) ] ({ % pove [1 \u_c] dy (4a)
= 9 r u
(displacement thickness) =11~ —3— dy (4b)
0 rO pcuc

Table 2 (from Reference 19) shows that the differences in boundary layer loss as
computed from Equation 1, 2, and 3 (columns E, A, and B respectively) are significant for
nozzles with thick boundary layers.

18



Table 2: Boundary Laysr Thrust Deficit for Varlety of Engines in the Absence
and Presence of the Longitudinel Curvature, Cold Wall Casc

THRUST DEIFICIT, 1bf, sec./lba

NOZZILE HITHOUT LONGITUDINAL CURVATURE HITH LONGITUDINAL CURVATURE
Q. A Q. 3 Q. C Q. D Q. X Q. A Q. B K. ¢ Q. 9 0. ¢
SSHE 6.884) 6.7730 68,7850 6.2088 6.223 8.3720 6.3184 $.4238 $.0087 $,5038
ASE 14,1965 13,6977 13,4572 12.333% 11,9394 14,2351 12,7440 13,3000 23,3782 11,7659
RL-10 11.6549 11,0871 10.8094 10,4830 10.4820 11,7732 11,0714 10.8391 10,4317 10,4964
XDELTA 1,8459 1.8160 1.7002 1,7220 1.0132 1.68439 1,8160 1.7870 1,7218 1.0211
BCLS1S 0.8688 0,8334 0.08481 0.8142 0.8073 0.8688 0,854 0.0221 0.8141 0.8378
8C1010 1.8578 1.7948 1.7866 1,8000 1,8790 1.0502 1.7942 1.821 1.0001 1.8788
1Us 1.9864 1,952 1.922) 1.8301 2,094 1.0882 1,023 1.8524 1.8380 2.0328
24.8322 2).1904

XLR-134 27,3282 25,6330 25.34352  24.8378 23,2334 27,3328 25,6538 25.25))

Eq. A. AT =27 cosd [p, ué r,60-1, 6"‘(pe -p]

Eq. B. AT =2n [pe uz T, 9 cos¢ - Ty 3*(pc -p) cos¢]
Eq. C. AT =2n{p e ug rp [} cosg - rp 3*(pe - p,,) cos¢]
Eq. D. AT =2r [pc ug rp 6 cosg - rp 3"‘(pe -p,) cos¢

_ T
- p, 21 Beosp I (D) dx]
(o] 0

S dr_ s 9 =
Eq. E. AT = é (p,* - p)2% T, Hip' - g Py - P27 3% (r6* cosd)dx
$ -
]
+(I)cw27c(rp+6 cos¢) cos¢ dx

in all the above equations &(x) = 0
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As can be seen from the above table, the method by which the boundary layer loss is
computed is more important than the effect of longitudinal curvatures. Thus, this-effect can be
ignored for nozzles of current interest.

Appendix A contains 3 published papers which describe different facets of the work
performed under Phase I.
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3.0  Phase 2 Work Effort - Thick Boundary Layer Asssssment

The purpose of the Phase 2 ¥ ork Effort was to establish, a) when the thin shear layer
(TSL) or boundary layer approximations would break down, b) the magnitude of the
breakdown in terms of performance, and c) to provide g idance to the new model development
done in the Phase III work effort.

In order to determine when the TSL approximation starts to break down, a comparison
was made between a traditional Euler Solver/Boundary Layer Code (TDK/BLM)?3, a full
Navier-Stokes solver (VNAP2)?4, and a parabolized Navier Stokes solver (AXI2DS)?5, The
set of engines examined by these codes is given in Table 3. Also shown in this table is the
relative boundary layer thickness for each of the nozzles.

Table 3: Boundary Layer Thickness at the Exit Plane for
Four Nozzles. Cooled Wall T = 1000°R.

Transverse Roundary

Nozzle Area Radius at the Layer o 99 5/r
Ratio Exit Plane Thickness

r exit, inches 8.995 inches
SSME 77.5:1 45.12 1.80 4%
RL-10 204:1 36.80 4.40 12%
ASE 400:1 25.10 3.25 13%
XLR-134 767:1 10.97 2.08 19%
Hughes 300:1 300:1 1.61 0.45 28%
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The results from this comparison are reported in AL-TR-90-041, the Phase I final
report?6, and in Ref. 27, (which also appears in Appendix B). These results were far from
conclusive. Perhaps the greatest problera was the disparity in accuracy between the .codes at
the resolutions we -could afford to use them. Since the codes were ithe best we .could -obtain
after a very significant amount of effort, we concluded that both :the NS and PNS solver were
not up to the tasks presented them.

However, general trends were observed. These trends were

1)

2)

3)

4)

When the boundary layer thickness became larger than 10% of the nozzle, the
departure between the NS, PNS solutions and the [Euler/BL solutions
accelerates.

When compared to data, the Euler/BL solutions .are remarkably .accurate even
for very thick boundary layers.

In terms .of non-performaice related parameters, iboundary layersithicker than

&/t > .1~.15 are suspect.

The subsonic ‘portion of the ‘boundary layer is infinitesimal (§

subsonic < -9/1000)

1in:the supersonic portion of large :propulsive nozzles.

‘With respect to objective c), the conclusions reached were ‘that .a PNS solver was
desired for the Phase III work. The reasons for this decision were

1)

2)

That a PNS solver was, in terms-of .computer resources, the only economically
viable way that both the viscous layer and invicid core flow could be .accurately
resolved.

That coupling a PNS solver to .a ‘method of characterisics selution was not
desirable due to ‘the differences in numerical accuracy .between ‘these two
schemes. This rejected approach was what had been originally proposed.

As previously mentioned, Ref. 27, the technical paper reporting ithis work is in

Appendix B.
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4.0 Phase 3.0 Effort - New Mode] Development

The purpose of the Phase 3 effort was tv develop a new computer model which would
. extend the state-of-the-art in performance grediction for high area ratio liquid propellant rocket
engine nozzles. To this end, a computer code called VIPER (Viscous Interaction Performance
Evaluation Routine) was developed. This work is completely documented in AL-TR-90-042.
Two technical papers describing this work are given in Appendix C.

Following the recommendations of the Phase 2 Work. The VIPER was based on the
Parabolized Navier Stokes equations. The PNS equations are a subset of the Navier-Stokes
(NS) equations which are valid for supersonic flowszs’zg. The PNS equations neglect the
streamwise diffusion term which, along with special treatment of the subsonic region of the
boundary layer, removes the spatial ellipticity from the steady form of the equations and
permits a solution using a streamwise marching computational technique. Although the PNS

303132
models were developed in the early 1960's.,” * , they were not widely used until the 1970's

and 1980'833_38.

30 3
Ir; 2the early 1960's the first PNS models were developed by Ferri  and Morretti 1, and
Edelman . They introduced their explicit-based numerical techniques to treat coupled
wave-mixing-chemical kinetic processes.

The PNS equations are integrated throughout the viscous and inviscid regions of the
flow. This procedure eliminates the need to specify the edge conditions in matching boundary
layer and inviscid solutions, i.e., the conventional inviscid-viscous interaction. Popular
algorithms for solving PNS equations are those by Briley and McDonald39 and Beam and
Warming40.

The VIPER code is a PNS solver for supersonic nozzle flow with finite rate chemistry.
The Beam-Warming scheme has been employed to solve the governing equations. Richardson
Extrapolation for automatic step size control in the marching direction has also been
.. incorporated into the code. This code can treat both laminar and turbulent flows.
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The VIPER code is fully documented in AL-TR-90-042, the Phase' 3 Report, Ref. 41.
The code was verified by running 7 test cases. The characteristics of these' nozzles are given
in the table below.

Table 4: Nozzle Characteristics for VIPER Verification Test Cases.

' Chamber Throat Expansion  Throat
Engine Name Pressure Radius(in) Ratio Reynolds
Number Rer*

1 NASA/LeRC Hi-E 360 0.5 1025. 1.73x10°
2 XLR-134 510 0.396 761.9 1.80x10°
3 STS/RCS 150 1.021 28.46 1.75x103
4 SSME 3285 5.1527 71.5 1.18x107
5 RL 10 394.3 2.57 205.03 .

6 ASE 2287 1.254 400.7 2.20x108
7 HAC-5 Ibf 25 0.0935 296.6 1.10x104

Cases 1,2,5, and 6 were selected because they represent high area ratio nozzles which
are the design point of the VIPER. Cases 3 and 7 are small thrusters which have potentially
large boundary layers. Lastly, case 4, which is the SSME, was chosen to test the high
Reynold's number capability of the code. Results for these engines are tabulated in Table 5.
The agreerent to measured data (when available) is excelient when it is realized that the
effect of cofnbustion ot energy release efficiency is not included in these calculations. For
example, for the NASA/LeRE hi-expansion ratio engine, the measured value of C* efficiency
was 95.5% (reading 112 of Reference 42). Applying this etficiency to the VIPER prediction
gives a value of 466.49 Ibf-sec/lbm. Compared with the measured value of 468.942, the
difference is -0.51%.
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Table 5: Engine Performance

VIPER TDK/BLM Measured
Engine Name IS Prediction I sp Prediction I sp
1bf - sec/lbm 1bf - sec/lbm Ibf - sec/lbm
NASA/LeRC Hi-E 488.47 480.31! 468.942
* *
(466.49) (458.70)
XLR-134 462.29 468.68! -
STS/RCS 311.49 - -
SSME 455.15 457.71! 452.6!
RL 10 462.29 463.03! 458.742
ASE 470.20 473.581 477.943
HAC-5 1bf 218.05 216.65 214,524

* corrected for 95.5% measured c* efficiency

Comparisons with the JANNAF standard performance prediction code, TDKl are also
shown in Table 5. The comparison between the two codes are best for the high Reynolds
number cases. The lack of a consistent trend between VIPER and TDK/BLM is attributed to
the fact that neither code includes combustion efficiency correlations.

Besides the good agreement between VIPER and TDK/BLM-data, another good
accuracy check is how well a code conserves mass, momentum, and energy. For finite
difference codes such as VIPER, conservation of these quantities is a very good measure of the
overall validity of the computational solution (it, of course, does not check the validity of the
models used). Table 6 gives a summary of the conservation checks computed by the code.
Mass and momentum are conserved very well in all cases. Energy conservation is a much

more difficult quantity to achieve. Partly, this is because it requires good mass and
momentum conservation, and partly because the reference base for energy is arbitrary. As a
case in point, the energy flow m(h+V2/,) of the E1000 nozzle is only -0.011 BTU/sec across
the start line because the chemical enthalpy (negative) balances out the kinetic energy. Hence
a small change in total energy can result in 2 very large percentage difference in energy
conservation.
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Table 6. Conservation Checks

Nozzle FIZ‘),WMS:?ft- goh‘golglgagum go}%ge])r%i)t{t'
NASA/LeRC Hi-E -1.28 -1.62 very high
near zero.base:

XLR-134 0.02 1.01 -6.3

STS/RCS -0.014 0.108 2:9-

SSME 0.0126 0.72 -0.43

RL 10 - 0.085 0.57 -1.67

ASE -1.18 -0.31 -53

HAC-5 1bf -0.88 -1.3¢4 0.76

As is typical of codes using: the Beam-Warming: difference: technique, damping of
oscillations_caused by compression or shock waves.is.required. The: VIPER: code: uses:explicit
4th order damping. to get rid: of these high frequency oscillations. The: damping' term can be
written as

A 4" a0

where &4 is an input number to-the code. A value of 4= 50 is recommended. To illustrate
the effect the damping on the flowfield and computed Isp, a.study was conducted for all 7 of
the validation engines. Values of & of 0 and 50 were used for the comparison. The: efféct of

damping was dramatic on the flowfield in terms of shock. location, (see Figure:4), however, the
difference in Isp was less than .07% for all cases; which indicates that the damping has very

little effect on the integrated values of wall pressure: and-shear stress. These results are shown
in Table 7. Figure 5 shows-a comparison of computed wall shear stress. for the: SSME. nozzle:
with and without damping. Again the effects are dramatic. However, the difference in
integrated wall shear stress was only 17 1bf out of a total of 7824.ibf.
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Table 7 Effect of 4th Order Damping
ISp (1bf - sec/ibm)

4th Order 4th 1g.rder %

Damping Damping A Isp Difference
NASA/Lewis Hi-E 488.47 488.39 0.09 0.018
XLR-134 462.29 462.00 0.29 0.063
STS/RCS 311.49 311.44 0.05 0.016
SSME 455.15 455.18 0.03 0.007
RL 10 462.22 461.99 0.21 0.045
ASE 470.20 470.19 0.01 0.002
HAC-5 1bf 218.05 218.04 0.01 0.005
AIM 304.57 304.64 0.07 0.023

As with any code completing its first state of development, there are deficiencies and
unexplained characteristics. The major problem areas are associated with the grid generation,
step size control, the k- turbulence model, and the sublayer model.

The deficiency with the mesh generation and step size affe(’:ts the robustness of the
code. Values of the stretching coefficient, &, must be selected a priori so that there is
sufficient mesh to resolve the boundary layer for the entire flow field. The selection of the
marching step size is also critical. It can neither be too big nor too small. The step size can be
dynamically controlled in the current version of VIPER. However, there is a distinct coupling
between the 7) mesh spacing and the A step size. The recommendation here is to dynamically
modify the mesh spacing so as to automatically resolve the wall shear layer. The step size
control logic will then have to be revised so as to properly interact with the dynamic mesh
spacing.

In liquid rocket engines, the majority of the vorticity generated in the flow comes from
the wall shear layer. Other sources of vorticiiy are the finite rate chemistry, O/F striations, and
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other phenomena which result in total enthalpy variation. Because the wall generates the
majority of the vorticity in the flow, the Cebeci-Smith eddy viscosity model used in VIPER is
quite adequate. However, there are situations when it would be desirable to use a k-¢
turbulence model. The current k-& model in VIPER is not robust and has an inadequate wall
treatment. Hence, we recomraend that the current model be modified to generate better initial
profiles and that the wall sublayer treatment be modified to incorporate the latest models.

The VIPER code currently uses the Vigneron sublayer model to suppress "departure
solutions” in the subsonic portion of the boundary layer. As part of that model, there is a
safety factor, Oy which controls where the sublayer model is turned off. Numerical

experiments have shown that the results are quite sensitive to this parameter in contradiction to
most of the literature. We recommend that the sublayer model be further investigated and
either replaced or modified to control the sensitivity.

Further improvements to VIPER should include the addition of a discrete particulate
phase. Such an addition would allow VIPER to analyze both solid and liquid propellant
systems. The following is a list of potential particulate micro-models which could be included
in the code.

Importance for

Liquid Solid

Micro Model Propellant Propellant
Vaporizing Droplets v

Phase Change v
Droplet Super Cooling i
Breakup V Vv
Aglomeration N J
Very Small Particles (dp <1y V
Condensation/Mass Transfer v Y

between Phases
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We would recommend that all of the above, except mass transfer between phases, be
incorporated into VIPER. The basic particulate model would be a fully coupled model
between the gas and discrete phase.

Once particle capability has been added to the VIPER, we recommend that a simple
combustion chamber/motor cavity model be added. Such a model would allow the user to run
parameteric studies nver a rational parameter space in order to assess the impact of each item
of interest.

In conclusion, a computer program called VIPER has been developed which accurately
predicts the flowfield in liquid propellant rocket engine nozzles. The VIPER code has been
developed as a natural extension to the JANNAF standard nozzle performance code, TDK. By
incorporating elements of the TDK code in VIPER, the user community knowledge base has
been preserved. That is, users familiar with TDK can generate successful VIPER runs in a
matter of a few hours.
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5.0 Phase 4 Work Effort - Experimental Test Plan

The purpose of ths Phase 4 effort was to devise an experimental tes; plan which would
validate the models developed in the Phase 1 and 3 work efforts.

One of the major problems with predicting the boundary layer loss in rocket exhaust
nozzles is that there are no direct measurements ¢ * the boundary layer parameters in real
nozzle flows to use to refine the analytical models. This observation is especially true for the
turbulence models used in boundary layer calculations. Current verification efforts are based
on comparison to data in other environments, global heat transfer data for real engines, or
backing out the boundary layer loss from thrust measurements by subtracting the other known
losses in the system.

The other performance losses are currently evaluated by computer programs, such as
TDK BLM BLIMPJ ,etc using the JANNAF thrust chamber evaluation procedures. These
procedures are based upon a physical model that accounts for the processes occurring in the
thrust cl;%rg;)er, losses associated with these processes and interactions among the
processes ' .

In the model, propellants enter the combustion chamber through the injector, are mixed,
vaporized and combusted. Deviation from complete and homogeneous mixing vaporization or
combustion to equilibrium are referred to as energy release losses or injector losses.
Theoretically, these losses are modeled by the Coaxial Injection Combustion Model (CICM)
and the Standard Distributed Energy Release Model (SDER) codcs%. Experimentally, the
energy release loss can be estimated from the characteristic exhaust velocity efficiency, Nex

The products of the chemical reactions are then expanded in the nozzle. The reactions
continue during the expansion. Deviation from the local chemical equilibrium are referred to
as the kinetic losses. There are no direct inethods of measuring the kinetic losses,

The losses due to non-uniforin expansion of the available momentum in the direction of
thrust are referred to as two-dimensional or divergence losses. Theoretically, these losses are

MMY LN T et e 1 Ui o\ e 1 Y TaYal
evaluated from the difference between the ODK (Onc-Dimcasional Kinetics) and MOC

(Method of Characteristics) modules of the TDK code.
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Graphically, all of the above described losses are shown in Figure 6. The ideal
performance is based on ODE calculations.
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Figure 6. Illustration of thrast chamber losses
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Systemiatic measurements to verify. the predicted magnitude of the: aforementioned:
losses are sparse; and' a: high' degree of uncertainty is associated with: the available data. For
both the kin€tic arid boundary layer losses, experimental validation' of the predictive techniques:
for real engiries are not available, For low area ratio nozzles, the boundary layer: loss. has. beerr
corisidered small enough that any errors associated with the predictions were acceptable. The
miagnitiide of the boundary layer loss as a percent of total per ormance increases with area
ratio. Figure 7 shows the boundary layer losses as calculated by the SPP and TDK codes for a
variéty of motors ds a furiction of area ratio. The dependency of *hese results on the particular
tubuilerice model used in the calculation are on the order of + 30-40% . That is, a predicted
10 secorid loss could dctuaily be only 7 seconds or could be as high as 13 seconds. Since a 1%
change in Isp can result in approximately a 4% change in payload, the accurate knowledge of
the boundary layer loss is very important. Hence, the boundary layer caloulations must be
validated directly using experimental data.

In order to validate or extend analytical methods, the planned experimental effort must
include techniques to measure boundary layer parameters that wiil produce high quality data.
Quiality data on nozzle wall boundary layers is very limited at present. Perhaps, the best work
in this area is that of Back, et al, at JPL48_5!, which was for cold flow.

As part of the effoit to prepare an experimental validation test plan, numerous testing
facilities were contacted and visited. Available experimental methods and facility and test
requirements were reviewed, and recommendations were made to the Astronautics Laboratory.
Results of the study were documented in the Fhase 4 final report together with a test plan
intefided to validate the analytical methods developed during the boundary layer study.

Certain ground rules were used in preparing this test plan. The first ground rule was
that we wanted a program which would measure the desired data, we did not want to embark
upon a research program to develop improved boundary layer diagnostic techniques.
Secondly, we wanted the test environment to simulate as close as feasible the conditions in a
real propulsive fiozzle, The minimurn requirements for this condition are shown in Table 8,
below. Last, and most important, we wanted accurate data.
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Table 8. Miminum Test Environment Critcria
0 The flow in the boundary layer must be tarbulent from before the throat.

o The boundary layer should encompass between 10% to 40% of the flow at the
exit plane.

0 The heat transfer to the wall should be high enough to simulate conditions in a
real rocket nozzle.

c The expansion process should maintain, as realistically as possible, the
conditions in a real rocket iozzle. For example, axisymmetric instead of 2D
nozzles, ratio of specific heats < 1.4,

Some of the ground rules were found to be mutually exclusive. For example, accurate
data taking precluded using a real engine as a test bed. The environment in real engines is too
severe for many diagnostic techniques. 'We also found that off the shelf techniques were not
sufficiently accurate for all of the data measurements desired.

Param M I

The primary interest is computing the boundary layer parameters in propuisive nozzles
is in determining the viscous thrust loss and wall heat transfer rate. The most fundamental
property in the thrust loss is the wall shear stress. The heat transfer to the wall is determined
by the temperature (enthalpy for reacting flows) gradient at the wall. While both the shear
stress and temperature gradient can be deduced from other quantities, a direct measurement of
these items is definitely preferred. In the absence of direct measurements, diagnostics which
require the least amount of assumptions are preferred.

Average velocity and temperature throughout the boundary layer and Reynolds stress
terms, u', v', are other parameters to be measured. Although the last two are less important,
their correct evaluation yields valuable data for validation of turbulence models. Briefly the
following measurements are to be made:
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1. Local wall shear;
2. Local heat flux at the wall;

3. Average velocity and temperature in the boundary layer;
and

4, Reynolds stress terms.

Conclusions

After talking with various organizations, we concluded that two families of techniques
are suitable for hypersonic flow velocity measurements: particle scattering and molecular
scattering. Particle scattering techniques which include real fringe laser Doppler velocimetry,
laser transit anemometry, and Doppler spectrometry, are well developed and velocity
measurements in supersonic and hypersonic flow regimes have been demonstrated. However,
paiticle scattering techniques require seeding the flow, which introduces ambiguity due to
particle lag in accelerated or decelerated flows. The question of particle lag has been
addressed and it is concluded that the measurement uncertainties are small when the particles
used are less than 0.3 um in shock-free expansion flows.

The uncertainty of the fluctuating components of the velocity within the boundary layer
will depend on the density of the flow and the frequency response of the particles.

Molecular techniques which encompass laser induced fluorescence (LIF), Inverse
Raman Scattering (JRS) and Coherent Anti-Stokes Raman Scattering CARS, are being
deveioped. These techniques have the potential of yielding more accurate results than
particle-based techniques. However, several practical aspects hinder their application to
hypersonic flow measurements. LIF of alkalis, which is more accurate than LIF of 02,

requires seeding the wind tunnel with highly corrosive materials such as sodium. Seed
molecules condense under the low pressure and temperature conditions characteristic of
hypersoi ic wind tunnels. LIF of O2 is still under investigation and preliminary analysis shows

that the velocity error is about 500 m/sec. IRS and CARS measure the velocity from the
spectrum of the coherent Raman scattered signal, and therefore, pressure broadening due to a
shock wave can result in large errors. Velocity measurement using IRS is on-axis, and hence
the spatial resolution is poor. IRS and CARS, however, have the advantage of yiclding the
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temperature and pressure simultaneously with the velocity, giving a unified approach to flow
field measurement.

Table 9 is a summary of velocity measurement techniques. The table shows the
demonstrated velocity range, accuracy, SNR (signal to noise ratio) and other relevant
parameters of techniques.

Recommendation

The primary objective of developing an experimental plan for boundary layer
measurements is to obtain accurate and high quality data to compare against the present and
future analytical models. During the course of our investigations, no single or set of diagnostic
techniques and experimental facilities were found to be cap~ble of achieving this objective.
As a result, it was necessary to rclax some of the ground rules which we had originally laid out
in order to meet the primary goal of obtaining accurate data. As mentioned in the
introduction, we concluded that hot engine firings were not compatible with accurate mapping
of the boundary layer. This conclusion was based on considerations of available experimental
techniques, test times, facility requirements, and cost. We also discovered that there were no
diagnostic techniques which were "off the shelf" ready for boundary layer measurements of the
required accuracy in simulated rocket nozzles. In addition, facility capabilities for different
organizations varied tremendously. Calspan has excellent short duration test facilities, while
AEDC has good large scale longer duration capability. However, the selected diagnostic
techniques must be mated with the correct facility to insure adequate data acquisition.
Because of the developmental nature of the diagnostic techniques and the mating of these
techniques with the facilities, the following recommendations are conditional rather than
absolute.  First, we will cover the recommended diagnostic methods and then discuss
recommendations for test facilities.

Diagnostic Method Recommendations for Velocity Profile Measurements

LDV must be considered the primary candidate for taking velocity measurements in the
boundary layer. This conclusion is based on the fact that this method is well developed in

comparison to other laser techniques. Alternates andjor backup methods shouid inciude LIF
and CARS. We strongly recommend that optical techniques should be the cornerstone of these
measurements.
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We view both LIF and CARS as potentially superior methods of velocity measurement.
The trade off between LDV and LIF/CARS is the development time and difficulties associated
with particulate seeding for LDV versus moving LIF/CARS from the lab into a test
environment. Should the latter be accomplished, then LIF/CARS would be the recommended
technique.

Static Pressure Measurements

Pressure transducers on the wall are the recommended diagnostic technique for
measuring static pressure at the wall. If the selected test conditions are benign enough, pitot
measurements can also be used as a backup and to verify calibration of both the wall static
pressure and velocity profile.

Temperature Profiles

Laser based non—intrusive technigues are recommended. LIF seems to have a slight
edge on CARS based techniques, but both methods should perform well theoretically. The
final choice should be decided by the selected contractor based on cost and risk factors. Both
LIF and CARS are also capable of determining the density profiles in the flow. Informaticn
about the chemical composition would thus supply enough information to compute .
pressure profile. The redundancy in pressure data will supply a useful accuracy che B
measurements. Total temperature probes are also readily available (see Apper.dix .
should be used as a calibration backup if pitot measurements are also taken.

Wall Heat Transfer Measurement

There are any number of adequate methods to measure the wall heat transfer rate.
However, most of these methods depend on the temperature range of the flow (total and static)
and of the wall. The final selection must be based on the test environment selected. However,
we do not recommend that the heat transfer rate be deduced solely from backwall temperature
measurements. Such methods require operation to steady state to supply the desired accuracy.
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Wall Shear Stress

Direct measurements of ti.: wall shear stress are definitely preferred. If the tesi
environment permits, some sort of the floating elemient method should be used ($ee Appendix
C and also the description of the Kistler Skin Friction Gauge). Extiapofation of the velotity
profile to the wall can also be used if floating elements are not practicil. Under no
circumstances should the Reynolds Analogy be used as the primary method of determining
skin friction. The use of the law of the wall also presupposes the form of the results and hence
its use is discouraged.

Test Facilities

The ideal facilities for these tests would be space based: so that practical corisiderations
such as pumping requirements, total pressures, and total temperatures would: not be: of concert.
However, since we are lacking permanent space stutious: or lunar facilities, we riust make due-
with earth based testing. It is-always preferred that the test etivironiiient: closely. siiulate the
environment to which the data is to be applied: However, in-this case, we reconirmend against
real engine firings. Too many of the recommended: diagnostic tecliniques aré not well enough'
established to allow for their extension: torsuch: a tiostile envircriment. In'fact, some-of the test
methods suggested would best be done with- windows.cut into the nozzle wall. Many of the
problems associated: with facility requirements disappear if the diagnostic techniques can be-
made to work for short. duration- test. Calspan has an. excellant short duration tést capability.
which would allow good: simulation of high: area ratio nozzles. However, it is not clear if
either LIF or CARS methods can. be made to work with test durations in the 50 millisecond
range. The Accurex. arc tunnel suggested by one of the experimental test plan contributors
would only. be acceptable if the total enthalpy gradient across the nozzle that is produced by
the arc cculd be eliminated.

In order to simulate a real nozzle as clos¢ly as possible, we make the: following
recommendations.
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2) The flow should-be fully turbuleat before t*~ throat pldne:
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3) The flow shouid be as hot as is compatible with the diagnostic techniques.
Flows in the range of 1500°R are recommended. These types of temperatures
will allow for adequate heat transfer rates, density variations, and avoid

condensation problems.
4) The gas supply system should supply nearly uniform property flow.
In order to assure that the experiments achieve their goal of supplying data to validate

analytical models, we also recommend that an organization such as Software and Engineering
Associates, Inc. be assigned to monitor the experimental work effort.
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NOMENCLATURE

speed of light
droplet radius

line shape function
enthalpy

intensity

Mach number
normial direction
pressure

Prandtl number
radius

throat radius
Reynold's number
entropy
temperature
velocity

velocity

velocity

velocity (total)
distance

boundary layer momentum thickness
vorticity

density

boundary layer thickness

difference

shear stress, characteristic time
coefficient of viscosity

frequency
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NOMENCLATURE (Continued)

Abbreviations

AL Astronautics Laboratory

ASE Rocketdyne Advance Space Engine, area ratio 400:1
gg‘;g}g ] Experimental Nozzles by JPL, cone shaped
BLM Boundary Layer Module of TDK computer code
CARS Coherent Anti-Stokes Raman Spectroscopy
CRC Coherent Raman Spectroscopy

IRS Inverse Raman Spectroscopy

IUS Inertial Upper Stage, Space motor, OTV
JANNAF Joint Army Navy NASA Air Force

LDA Laser Doppler Anemonetry

LDS Laser Doppler Spectrometry

LDV Laser Doppler Velocimetry

LIF Laser Induced Fluorescence

LOX/GH2 Liquid Oxygen and Gaseous Hydrogen

LTA Laser Transit Anemonetry

RL-10 Pratt & Whitney Space Engine, area ratio 205:1
SEA Software and Engineering Associates, Inc.
SRGS Simulated Raman Spectroscopy

SSME Space Shuttle Main Engine, area ratio 76:1
TDK Two Dimensional Kinetic Computer Code

XDELTA Extended Delta (Solid Propellant Space motor)
XLR134 OTYV Engine, Space Storable, area ratio 767:1
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EFFECT OF ?RANSVERSE AND LONGLTUDINAL CURVATURE
ON NOZZLE BOUNDARY LAYER GRUWTH

K. XKehtarunavaz
Douglas E. Coats
Software and Engineering Assnclates, ine.
Curson Clity, Novada 89701

ABSTRACT

The performance loss in high
expansion ratio nozzles due to tne
turbulent boundary layer is a critical
design parameter in 3electing the nozzle
geometry. This worik studies the effects
of transverse and longltudinul curvature
on the boundary layer growth and their
impact on performance. Curvature effects
become important tn axlsymmetric flows
when the curvature radlius ts of the same
order as the boundary layer thlickness.
The effects of longitudinal curvature
-manifest themselves as a centrifugal
force term on the mean flow in the
boundary layer, and also on the turbulent
shear stress model. The presunt Boundary
Layer Module (BLM) of the TDX Computer
Code hds been modified Tor longitudinal
curvature effects by the addition of
-sevond order bounddry layer terms to the
-equation set, The normal momentum
equation has also been: included in the
formulation. The edge conditions of the
-boundary layer have been modified to
provide the corrcct matching with the
outer f'low- expansion. A comparison of
Tesults betwuen the modifled version of
thé code and previous version of the code
-has been made. The modiflied code has
been Lested for a variety of nozzles and
‘the results are presented,

NOMENCLATURE
-A Given by Equation (i15a)
b Given by Equation (15b)
c,c Given: by Equation (15c)
d- Given by Equatfion (21)
[ Given -by Equatlion- (20)
Fln,g) Function in normal
momentum equation- given
by Equation (17)
g(n,g) Nondimenslonal
enthalpy, Equation (18)
H{n,¢) Enthalpy
“k{x) or k(g) Transformed

longitudinal curvature,
absolute value
L unit length

m, - mg Gradients given by
Equations {(15d)

p pressure

pr prandt!l number

R Radius of longttudinal
curvature .

r Kadiug of Lrunsverse

turvature

t = Yy cose/r
U,¥ velocity cOomponents
X,y Coordinate systenm

o 1t et o i

Boundary layer thicknuesy

Displacement thickness

Eddy viscosity term

Wall angle

Viscosity

Kinematic viscosity

Transformed
coordinates

Stream function

Denstity

Momentum thickness

Shear stress

D CE O ® S o
3
o

4 @€

Subseripts

W at the wall

o to the wall

u Refers to velacity
H Refers to enthalpy
Superseripts

! 8/ 3n

- aalanz

I. INTRODUCTION

e o P et 2 ot e o

The trend toward very large area
-ratio nogzlésy which resull In
performance gains for space applications,
‘has lncreased the necd for detailed
knowledge of the momentum losses due to
viscous effects in propulsive nozzles,
The traditional approaches(1-8) make use
‘of the Prandt]l thipn shear layer
approximation Lo compute the 1osses due
to viscous cffects, l.e., /4 << 1
which elimindtes the normdal momentum
equation or the "centrifugel force".
However, it should be noted that the
-normal pressure gradient vanishes not
‘because the shear layer i35 thin, but
because tie surface ts relatively flat,
130., the radius of Curvuture, R , lis
Targe or more prucisely Ho/i > 1,

, {9~10
Van Dykq() ' has shown Lhat
longitudinal curvature nakes a




contributlion that is addltive to Lhat of
transverse curvature and of the same
relative order. The perturbation theory
applied by Van Dyke demonstrates the
{mportance of scecond order Lerms, The
metric influence of curvature has boeen

given by Scnultz-Grunow and Bruwur(ll)
Tor laminar and tncompresalible flows,
Thelr approach consisgts of adoptlion of a
curvelinedr coordinate system and taking
the arc length along the surfdee as Lhe
coordinate, This brings the
longitudinal curvature directly into Lhe
problem since any differentiation with
respect to x varries a factor of the
ratio of curvature radii (wall position
Lo actual position).

Cebeci, Hirsch, and Hhitelaw(la)
analyzed Lhe turbulent boundary layer on
a (convex) longitudinally curved surface
using Lhe mean flow equations of

Shultz~Grunow and Breuer(1|) discussud
earl 2, In their Lreatment they
replared the laminar viscosity with an
effective eddy viscosity. The cddy
viscosity was specified to be the

standard Cebect &,Smith(‘j)
(1u)

formulattion

modit'ied by Bradshaw's correction for

longitudrnal curvature, Eghlima
et.al.(‘ﬁ) used a slmilar approach.
However, in all these approaches the
assumption has been-made that the
vorticity vanishes along the edge of the
boundary layer, l.e¢., the outer flow ls
irrolational.

Most of the existing literature is
limited to boundary layers -in external
flows, which have received much nore
attention than intvernal flows with thick
boundiry layers. However, Whitefield and

Lewis('6)—have reported results from
-experiments on laminar boundary layer
development in nozzles, 1In thelr
-experiments the boundary layer thickness
were as high 4s 90% of the nozzle radius,

The purpose of this work is to study
‘the effect of longitudinal curvature on
Internal flows and speciflcally nozzles.
To do this, the problem has bueen
‘formulated and the new terms ln Lhe
resulling <aouations in similarity form
have been added to the BLM- Compuler

Codu(7) which already accounted for
axisymmetlric flows with transverse
curvature., The moudified code has been
tested for a variety of rocket engine
nozzles and the results have been
presented., The code¢ also has been tested
for external flows and a4 comparison with
existing literature has been made, For
"relatively" thick boundary layers tn the
nozzles, all second order terms are
avcounted- 'or and included in the
doundary Layer Module (BLM) of the TODK

Computer Codw, A-3

{1. THEORY

For a compressible boundary layer
flow In an axisymmeterle nozzle, the
governing cquations including the
trandverse and longitudinaul curvature

.
effects are given ag12+15,17,18)

Continuivy:

_— (1)
%;(pur") + %; (pvrM(12ky)) = 0

Streamwlise Momentum:

ap, .l .. 3
5% ° 37 [r (1 eky)

(2a)

R TUN IR Pt

Normal Momentum:

B
v (2b)

pu__ 3 20 AH !

'tky 9x pv oy n
(3)

b B - g BT

The Influence of longitudinal
-curvature on the mean boundary layer flow
s modeled by inclusion of the
centrifugal force term in vhe normal

‘momentum equution(g"o"‘)u (See

Equation 2b).

In these equations n js the (low
dndex which i{s zero for two-dimensional
flow and one for axisymmetric flows, and
k=k(x) is the longitudinal -curvature.
‘Note that the - sign In 1:k(x)y refers
‘to concave and + sign refers to convex
surfaces, Figure 1 shows the definition
-of Pl Ro and H.

Transverse curvature is defined as:

‘Lt = Z-%QE".-! - ':;. (U.)

and the longltudinal curvature as:

1
=~ w K(x) (ub
Ry )

and




Eoe s ki (e)

0

The bdboundary cunditions for equations
(1-3) are:

at y=0, u=0, vsv _(x), (5a)

and T = T, (x) or éu (x) {s known; (5b)

at y - ynax’ u = ueo H - "e.
) (5¢)
p kK
e 2
P=Pa* Tiky Ye Ymax'

The boundary condition for ply )

: (9,10) max
was taken from Van Dyke' 7' who matched

the "Inner Limit of the OQuter Expansion"
(J)th fteration to the (J-1)th iteration
of the "inner flow" (i.e., Lhe boundary
layer), Van Dyke showed that equation
(2a) and (5c¢) ineclude .all second order

‘terms caused by longltudinal curvature

effect.

In the governing equations the terms
for normal stresses have been neglected.
After Cebeci=Smith we define:

;p-\;.'.l-l' . peg %5 (6a)
£
-pfTV = p M. 8H (6b)
pH' V! P Pri 9y

To obtain the equations in similarity
form & stream- function ¢ has beecn-
defined such that:

o By (7a)
put 3y
sen oy n_ 3 (7b)
pvr T=R(XY¥ [Covyy rg 5¥ I
where
o Q472 n .
v [ue(c)oeuéc] L £(g,n);
(8)
L
f u/ue
and ¢ and n are the similariLy
¢dordinates given by:
P 2n
, 0 (ya)
dg = (E—) ax
1/2
u, (3) . n
e > r (90)
dn = [=S=-of oy (p) 9y
Pol ol L
with
IR (10)
=k(x)y wo("’;)

a-l

The streamwise momentum <quation,

(2a), ruequires sp/3x along lines

of constant y. From Schullz-Grunow(11):

3 3 ) an ,
(5¥)y : (Eg)n * '5$)x (5*) (3%’ (e

Surfacey of constant n are atl

parallel to the curved wall, At the
“edge" the term (%g)n is given by
Bernoulli's equation:

du
(ax)y PVe G- ¢ (ay)x .

(12)

ay an
(3n)x (Bx)y

Replacing the second term on the
right hand side In the above -equativon by
using Equations (2b) and (Yb) grves:

(13)

(\-t)n(nﬁﬁ)

The sccond turm -on the right hand
side is of second order and ls- included
in the streamwise momentum equation in
the m5 coefficlient, m, and m, are gliven-
by Eq7 (15d),

In terms of new variabies the
continuity and streamwise moméntum
equations, 1-24 can be rewritten as:

" ' on 0'2 "o ot
{brm) tmof 0mz(c-ms}‘ )-m3f 1A(m3-mlf)f
K (1u)
. L o "3 Lt 3o
¢t s . AL 57 }
wh ' 3
ere represents 33 and
p TN
R T L B T .l T
- {(i-v¥ {(i54a)
b ow =l (1eet)@rmg)2n (150)
Wo(no'c) m°
P
C « =2¥_ , ¢ = =% (15¢)
Pelle P
du
£ ._e 4 dJ
m, = == ===, My = =te< = (p p )
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the boungary layer for ASE nozzle at the
gxit plane. A pressure difference of

put 15% is observed dcross the boundary
Jayer with a negative slope {concave
surface), L.e., the pressure at the wall
is 15% higher than the pressure at the
edge of boundary layer.

For nuzzles with "nigher" curvature,
the pressure gradient across the boundary
layer may vary significantly. For SSME
nozzle a pressure difference of about 35%
is observed from Figure 6 across the
boundary layer with (GlRo)exlt = 0.016.

The boundary layer 1is considerably
thicker for SSME(ZZ).

Iv.

The results in this work indicate
that the longitudinal curvature is of
impertance in ‘high expansion area ratlo
and/or strongly curved- nozzle contours.
The primary effect is on the velocity
profile which results in thicker boundary
layer. The magnitude of 6/R°speclr1es
the importance of longltudinal curvature.
Also, it Is found out that generally the
inclusion of longitudinal curvature
decreases the thrust deficit and
consequently increases the performance
for rocket engine nozzles., The method
used to obtain-the curvature seems to be
adequate and more stable and more
accurate than méthods which lead to
caleulation of the second derivatlive.
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ABSTRACT

The performance losses in rocket nozzles due to the viscous effects have been studicd.
Special consideration was given to nozzles with high expansion ratios. The formulation of the
boundary layer equations uscd in this study includes the effects of transverse and longitudinal
curvatures. The cffects of longitudinal curvature manifest themselves as a centrifugal force
term on the mean flow in the boundary layer, and also on the turbulent shear stress model.
The results indicate that although the longitudinal curvature creates a fairly strong pressure
difference across the boundary layer, the effects on the performance is minimal. The resulty
also show that in high expansion ratio nozzles, the viscous layer becomes very "thick” and the
traditional boundary layer assumptions cause significant error in the viscous loss calculations.
Improvements to the method of evaluating thrust loss are presented.
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NOMENCLATURE

H(M.0) Enthalpy
k(x) or k(L) Transformed longitudinal curvature, positive for convex and negative for

concave surfaces
Length scale

P Pressure
pr Prandtl number
R Radius of longitudinal curvature
r Radius of transverse curvature
R, Reynolds number
t =y cos¢/r,
T Thrust
u,v Velocity components
XY Coordinate system
reck Letter
) Boundary layer thickness
o Displacement thickness
€ Eddy viscosity term
£(x) Given by eg.
¢ Wall angle
1 Viscosity
\Y Kinematic viscosity
n, ¢ Transformed coordinates
] Stream function
p Density
0 Momentum thickness
T Shear stress



Superscripts

Subscripts

W o e o g

Abbreviations

ASE
BC4515
BC1010
BLM
1US
JANNAF
Lox/GH,
RL-10
SSME
TDK
XDELTA
XLR134

d/on

82/[»)“2

Potential Flow (at distance 8* from the wall)
Modified Value

At the wall

To the wall

Refers to velocity

Refers to enthalpy

At the edge of boundary layer
At the edge of potential flow

Rocketdyne Advance Space Engine, area ratio 400:1

Experimental Nozzles by JPL, cone shaped

Boundary Layer Module of TDK computer code
Inertial Upper Stage, Space motor, OTV

Joint Army Navy NASA Air Force

Liquid Oxygen and Gaseous Hydrogen

Pratt & Whitney Space Engine, area ratio 205:1
Space Shuttle Main Engine, area ratio 76:1

Two Dimensional Kinetic Computer Code
Extended Delta (Solid Propellant Space motor)
OTYV Engine, Space storable, area ratio 767:1
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INTRODUCTION

The trend toward very large area ratic nozzles, which result in performance gains for
space applications, has increased the need for detailed knowledge of the momentum losses due
to nozzle viscous effects (i.e., boundary layer) in propulsion systems. These losses degrade
overall system performance by increasing system weight, decreasing useful payload weight,
and/or decreasing, effective system range. The traditional approaches!-® use the Prandd thin
shear layer approximation i.e., 8/L << 1, to compute the losses due to viscous effects. These
assumptions eliminate the normal momentum equation or the "centrifugil force balance”. The
normal pressure gradient vanishes not because the shear layer is thin, but because the surface
is relatively flat, i.e., the radius of curvature is large.

Van Dyke9-10 has shown that longitudinal curvature makes a contribution that is
additive to that of transverse curvature and is of the same relative order of magnitude. The
perturbation theory applied by Van Dyke demonstrates the importance of second eorder terms.
The metric influence of curvature has been given by Schultz—Grunow and Brewer!! for
laminar and incompressible flows.

Cebeci, Hirsch, and Whitelaw!2 analyzed the turbulent boundary laycr on a (convex)
longitudinally curved surface. In their treatment they replaced the laminar viscosity with an
effective eddy viscosity. The eddy viscosity was specified to be the standard Cebeci &
Smith?3 formulation modified by Bradshaw's¥4 correction for longitudinal curvature. [Eghlima
et.al.!5 used a similar approach. However in all these approaches, the assumption has been
made that the vorticity vanishes along the edge of the boundary layer, i.e., the outer
flow is irrolational. '

It has been found that the standard JANNAF method? for predicting boundary layer
losses is not sufficiently accurate for computing boundary layer losses for space engines.
These engines exhibit substantial boundary layer growth due to their very high expansion
ratios. For small engines, a major portion of the nozzle flow can be completely enveloped by

the wall shear laver (v

The two major deficiencies of the JANNAF boundary layer thrust loss calculation
method? are that the effects of both transverse and longitudinal curvature are assumed to be



small. Since in highly expanded flows, the boundary layer thickness can become a significant
fraction of either the transverse or longitudinal curvature, this effect should not be ignored.

The objective of this paper is (1) to assess the significance of nozzle wall curvature
gffects, and (2) to assess performance losses due to viscous effects using a more complete
description of the viscous shear layer within the boundary layer equations for a wide range of
space applications engines.

A-13




THEORY

For a compressible boundary layer flow in an axisymmetric nozzle, the goveming
equations includir,; ‘e transverse and longitudinal curvature effects are given asi2,15,17,18,

Continuity:
9 (pur")+gy [bﬁn (1+ky)] =0
Streamwise Momentum:
p 1%(7 x* pv %}% l%k_y' gj)% + YT(’}:FKW .
Normal Momentum:
Ty =5
Energy:

u oH —oH _ 1 d
ﬁ@a?"f‘pVW—m.ayl}n(l*‘ky).

%+ (-4 g o)

8y

(2a)

(2b)

€)

The influence of longitudinal curvature on the mean boundary layer flow is modeled by

inclusion of the centrifugal force term in the normal momentum equation9-1l,

2b).

Figure 1 shows the definition of r, ry, R, and R.

A-14

(See ¢ juation




Transverse curvature is defined as:

t.-_-L‘r:i‘I!:lr__ (4a)
(o] o]

and the longitudinal curvature as:

= k(x) (4b)

071.—-

and

= 1+ kO (dc)

The boundary conditions for equations (1-3) are:

at y =0, u=0, v=yv, (X), (52)
and T =Ty (x) or gy (x) is known; (5b)
at Y=Ymax» UTVUg H=H, p=pc+ ?‘ﬁ:_y u% Ymax- (5¢)

The boundary condition for p(ymax) was taken from Van Dyke9-10 who matched the
"Inner Limit of the Outer Expansion"” (j)th iteration to the (j—1)¥ iteration of the "inner flow"
(i.e., the boundary layer). Van Dyke showed that equations (2a) and (Sc) include all second
order terms caused by longitudinal curvature effect.

To include the longitudinal curvature effect in the eddy viscosity model, the

Bradshaw's19,20 expression has been employed to correct the inner eddy viscosity term by
multiplying this expression by S2 where:

. _ ] o foul- :
S = m R,— 2u k(X) as;J (6)

where R;is analogous to Richardson number and P is reported to be 7 for convex and 4 for
concave surfaces!9,20,

A-15



The streamwise momentum equation, (2a), requires dp/dx along lines of constant y.

Surfaces of constant 1 are all parallel to the curved wall. At the boundary layer
"edge", the term [Dp'] y is given by:

58], = = e e+ 38, 58), 31, 0

The conventional JANNAF method? for evaluation of the viscous thrust loss in rocket
engine nozzle employs both the boundary layer momentum and displacement thicknesses.
This method can be arrived at by two different approaches as shown by Alber2l. The basis for
the approach is to compare the thrust of an inviscid nozzle to a viscous nozzle with the same
mass flow rate. In the equation given below, the first term represents the pressure forces
acting on an inviscid nozzle and the second and third terms represent the total stress forces
acting on the viscous nozzle.

S
AT = f (p"~p,)2m, ; dx — [ (pu=p,)2n(ryr8°cost) . (8)
0

. S
d(rn+5xcosgz) dx + f Ty 21 (ry+3*cosp)cosd dx

0

where 1, is the distance from the axis to the potential wall and p* is the-pressure at rp, as is
[

shown in Figure 1. For thin boundary layers, the conventional assumption is to let rp=r,.
However, to maintain generality, Equation (8) distinguishes between the potential and real
wall. The integral form of the momentum equation (with transverse and longitudinal curvature
effects) can be derived as:

pu ] I 4
[ Pecle) To y

3; [Pax%ro %ﬁp——[ ]dy] + pagro 0

o s-\,oo
o%m

) 2
- T, f 1% pkuv dy — e()r, [8 - gﬂ] = T,l, (9a)
0
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where: g%? + pcucguJ g(x) 9b)

The details of the derivation can be found in Reference 16. Alternate forms of the momentum
and displacement thicknesses for axisymmetric flows are defined as:

&
(momentum thickness) J ;—L ‘—)-P— [ = ]dy (10a)
o

(displacement thickness) f ;— [ - ] (10b)
o

Implementing Eqgs. (10) in Eq. (9) yields
d . d 8 by
T (P ZB) — 1o B‘% -1, f N pkuv dy
o

+ E(L, [s- -5 +§§_] - (11)

Inserting Eq. (11) in Equation (8) and neglecting terms of order 82*, the thrust deficit is:

AT _
o =

(o] R}n

[P:—Pw]rp g{l dx — } [pw—pm] g’i (rp0°cos)dx
0

$ 3
+ fro [ —k(x) f ;;- puvdy + e(x)(S‘—8+82/2r0)]. cos¢ dx
o 0

S
+ f cos¢. [g; (peutrod —r 8" g; (Pe — Pm)} dx (12)
0

Here p* is the pressure at the edge of the potential flow and p, is the pressure at the edge of
[

the boundary layer, i.e., at r,, — & cos ¢.
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To this point, the thrust loss equation has been derived with very few of the traditional
boundary layer assumptions being mad~ To examine the effects of these assumptions, they
will be applied one at a time.

1) Non-dissipative edge condition, i.c., €(x)#0. In the absence of dissipative or applied
forces on the core flow, Bernoulli's equation. is satisfied and e(x)=0 (see' €q. 9b).

Examples of flows where &(x)20 would be two phase core flow or MEDB! flow. The

second term of the third integral in Eq. (12) disappears when. (x)=0.

2) The boundary Iayer is thin compared to the local radius of curvature;. iie., 8/Ro<<<I.
This assumption ieads to the following:

dp/dy =0 or p=p =p*=p
w [ [

and g% = ()
T s
%'11‘;. = f cos. S; [P‘cu%ioG'FrOS‘(pé— ;,)\] dxs
0 .

s ; R
~ [ (dsp;Je0sd g‘;(—:(rp‘d") dx: (13)
(o}

Integrating the first termy in- Eq. (13) by parts: and: assuming, that 8?(s'=o) = B(s=0)=0"

yields
AT _ o g o s
= peudr,Bcos¢-rp8!(pp; Joosd
¥ O [r) s N
- f p},u%ro,mcos@a;é [1—,5] dx (14):
O:

3) For adiabatic and cooled. wall flows, the displacemein thickness, 8%, is-usuaily less than
the boundary layer thickness, 5. The assumption-applied- here:is that ~S‘éési'¢7f§,<& 1
which is- less.restrictive: than:§/rp<< 1.
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4)

The remaining integral in eq. (14) vanishes by noting that
8‘!
rpfro =1 —i_—cos¢= 1
0

To the sume order of accuracy, Eq. (14) can be rewritten as

%% = pudrBcosd — r8*(p—p, )cosd (13)

The above equation reduces to the standard JANNAF? relationship for thrust loss with
the additional assumntion dcos¢/ro<<1. That is

r _q-9cosd
Ty I'o

which leads to
0=0 and 8*=35"
and (15) becomes:

AT = 2% cosd [pcu%roe - r°8‘(p¢-pm)] (16

In conclusion, it can be seen that in order to reduce the general form of the thrust loss

Eq. (8) to the standard JANNAF form?, i.e., Eq. 16, requires four assumptions. The first
assumption, i.e., that Bernoulli's equation is satisfied at the edge of the boundary layer is met

in most liquid rocket engines of interest.

The other three assumptions deal with varying degrees of how thin the boundary layer

is compared to a given length scale. The "thin" assumptions are:

0 The boundary layer is thin compared to the local longitudinal radius of
curvature, i.e., 8/R, << 1.
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0 The displacement between the viscous and potential walls i sriall compired {6
the local wall radius, i.e., 8*cosd/r, << 1, which leads t6 f; ¥ r,,.

0 The boundary layer thickness is small compared to the local wall fadius, i.e.,
dcos/r, << 1, which leads tor 1, >,

RESULTS AND DISCUSSION

The BLM (Boundary Layer Module) within the TDK: (Two-Dimcnsiondl Kingtics)
code was modified to include the normal momentum equation: together with- longitudinal
curvature terms.

Solutions to the momentum and energy equations. can- be obtairied: in‘ a véry efficient:
manner by using the block elimination method as discussed: by Keller. The implicit fiiiite
difference scheme that has. been: developed by Keller and' Gebeci?2 was. implerieiited to obtain’
numerical solution to' these: equations!6. The BLM: Code was validated' by: comiparisofi to"
another boundary layer code,. MABL23, The code was also verified: for flow over a flat plate
and available experimental: data: for flow over a convex surfuoce. These-results are presgiited in
Ref. 16.

The nozzle: wall:is.not: generally known analytically, and:is often obtained fror tabulat
input data by. spline fitting. Calculation of longitudinal curvature which réquires thé second
derivative of a nozzle wall creates "severe"” fluctuations of the second-derivative which in tum
can cause numerical instabilities. It was decided to divide the nozzle wall into numbeis of
equally spaced intervals and let a circle pass through every three points. The radius of the
circle is taken to be the radius of the curvature at the middle point. Thi$ method has been
verified against an analytical wall and the results are satisfactory?6,24,

The 1mportance of longitudinal curvature is determined by: the maganitade of &/R,, i.€,
the 1atio of the boundary layer thickness to the radius-of curvature. Figs. 2a and2b indicate
this value for ASE and SSME nozzles, respectively. The magnitude of §/R, for SSME is®
larger than ASE nozzle and thus a larger pressure gradiert across the boundidry layer is
expected. This can be observed from a comparison of:velocity profilés in‘Figs. 3 and 4.

The effect of longitudinal curvature on performance is depicted in Table 1. It can be’
seen that although the longitudinal curvature affects the mean- flow velocity, temperature and '
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pressure profiles in the boundary layer, it has insignificant impact on nozzle perfermance.
However, the methodology being used to evaluate viscous loss has to distinguish petween a
thin and thick boundary layer.

Essentially, Eq. (A) in this table which is the standard JANNAF method is not valid for
thick boundary layers, because of the magnitude of term r/r, where r is the distance from the
axis of symmetry to the edge of the boundary layer. As the value of r/r, increases, the thin
shear layer assumption yields erroneous results for boundary layer losses, i.e., Eq. (A). Eq. (B)
was developed for axisymmetric flows, and for the thick boundary layers is expected to yield
quite different values from Eq. (A) and it can be seen that for nozzles with high area ratio such
as ASE, RL—10 and XLR134, the difference between these equations is more significant. This
difference is due to a thick boundary layer when r/r, is significantly less than unity. To be
more exact rp should be replaced for r, in Eq. (B) as shown in the analysis and upon doing
that in fact the effects are more severe on the high area ratio nozzles, Eq. (C). The 1esults of
adding another higher order term to Eq.(C) has been indicated in Eq. (D). It can be seen that
addition of this term makes a change of up to about 8% in the thrust loss for high area ratio
nozzles. Using the integrated wall shear method i.c., Eq. (E) yields results quite different (up
to 16%) from Eq. (A) for ASE nozzle, (area ratio= 400), RL-10 (area ratio 205) and XLR134,
(area ratio 767:1). However, as the higher order terms are added to Equation (D), the results
become closer to values of Eq. (E). This is expected because of mathematical equivalency of
both equations. The overall results indicate that the standard JANNAF method for
performance prediction is not adequate and can produce fairly large error performance
predictions for high expansion nozzles.

The results indicated in this table justifies the usage of Eq. (E) for the thrust
Calculations and Eq. (E) should be used to obtain the thrust loss. Furthermore, the inclusion
of longitudinal curvature is not crucial to performance prediction in contoured wall of a rocket
engine nozzle.

CONCLUDING REMARKS

The results in this work indicated that although the effects of the longitudinal curvature
are of importance on the mean flow velocity, pressure and temperature profiles in the
boundary layer in strongly curved nozzle contours, it does not have a significant impact on the
overall prediction of nozzle performance. However, for nozzles with a thick viscous layer, the




standard JANNAF method which is formulated for thin shear layers "over—estimates" the
boundary layer thrust deficit and it should be replaced by the equation (E) in Table 1 which
will be referred to as "wall shear method".
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Table 1 DBoundary Layer Thrust Deficit for Varlety of Engines in the Absence
Cold Wall Case

and Prescnce of the Longitudinal Curvature.

THRUST DEFICIT, 1bf. sec./lbm

NOZZLE WITHOUT LONGITUDINAL CURVATURE WITH LONGITUDINAL CURVATURE
EQ. A EQ. D EQ. C EQ. D EQ. E EQ. A EQ. B EQ. € EQ. D £EQ. E
SS. % 6.8843 6.7730 6.7650 8.2088 6.2233 6.3720 6.3184 6.4758 6.0387 6.5036
ASE 14,1985 13.6977 13.4572 12.350 11,9394 14.2351 13.7440 13. 5000 12,3782 11.765%
RL-10 11.6549 11.0871% 10,8094 10,4630 10,4230 11.773% 11.9714 10.8391 10.4517 10,4964
XDELTA 1 8459 1.8160 1.7902 1.7220 1.8132 1.8459 1.8160 1.787Q 1.2215 1 8211
BC4S51S 0.8688 0.8534 0.8481 0.8142 0.8373 0.08886 0.8334 0.8221 0.8141 0.837¢
BC1010 1.8578 1.7941 1.786€ 1.8000 1.8790 1.8582 1.7942 1.8121 1.8001 1.8788
IUs 1.9864 1.9523 1.922) 1.8341 2.0943 1.9862 1.98521 1.852¢ 1.8380 2.0828
XLR~-134 27.3282 25.6350 25.3452 24,8578  23.2534 27.3525 25.6539  23.2531 24,6322 23.190¢
Eq. A AT = 2% cosd {p uw?r § - ¢ §%(p -1
L] 0 o a
Eq. B. AT = 27{p u?x fcosd -~ £ §*(p -ga)cosq‘:]
seo0 o e
Eq. €. AT = 2%{p u?r fcosd - ¢ §*(p -&)cos¢]
eep P .
5 r
2. g, 'y 2_ 3 3 »
Eq. D. AT @ 27(p u?r fcosd-r 6*(p -go)costﬁ - Ip uw?r # cosd ;- (=-) dx)
sep p e eeo dx r
o
s dr s 3 - L] -
)
Eq. E. AT a | (p*-p )2mr === dx - <p )27 z- (6% cosd) dx + | T 2m(r +8%casPlcosd dx
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BOUNDARY LAYER LOSS MODELS IN NOZZLE IN PERFORMANCE PREDICTION

Douglas E. Coats, Daniel R. Berker, Alan Kawasaki

Software and Engineering Associates, Inc,
Carson City, Nevada

ABSTRACT

This paper details the importance of boundary layer shear stress models in predicting the boundary layer
paramcters of interest.  Laminar and turbulent boundary layers are investigated. Different shear stress models are
considercd for a wide range of liquid and solid propellant systems and over a range of nozzle expansion ratios. Simple
empirical fits to the computed results models for solid and liquid systems are also given.

INTRODUCTION

The tend toward very large arca ratio nozzles, which result in performance gains for space Fropulsion
applicauons, has increased the need for detailed knowledge of the momentum losses due to nozzle viscous etfects (ie,
boundary layer). These losses degrade overall system performance, such as increasing system weight, decreasing useful
payload weight, and/or decrcasing effective system range. Another important factor in the designing of propulsive
nozzles 1s the detailed knowledge of heat transicr at the wall for regencratively cooled walls and/or material performance.

Because of the importance to rocket propulsion, the Astronautics Laboratory at Edwards Air Force Base has
sponsored the Boundary Layer Study Countract to improve the understanding and computational predictive capabilities for
boundary layers in rocket nozzles wiih high arca ratios. As pant of this study, the sensitivity of the computed boundary
layer loss to vanous parameters was inve.sigated. The effects of both longitudinal and transverse curvature were reported
in Reference 1 and 2. Interactions between the viscous wall shear layer and the inviscid core have been reported in
Reference 3. This paper discusses the importance of validating the turbulent shear stress model,

The methods used to calculate the boundary layer performance loss are presented first. The magnitude of the
differences between methods of computing Als 0 are not smallZ4 and should be addressed by the propulsion
BL

community.

Results of boundary layer losses are then presented for a variely of liquid and solid systems. Computations are for
both laminar and turbulent flows (eddy viscosity model) using the TDKS3, SPPS, and VIPER?-8 codes. Resulis vomparing

¢ddy viscosity and k-€ turbulence models are presented for one case.

NOMENCLATURE

sp Specific impulse Greek Letters

K Kinctic energy of turbulence 5 Boundary layer thickness
L Unit length 8 Displacement thickness
p Pressure € Turbulence dissipation rate
Pr Prandtl number also expansion ratio
RC Radius of longitudinal curvature ¢ Wall angle
T Radius of transverse curvature 1) Viscos.ty

R, Reynolds number v Kinematic viscosity

t =y cosd/r, P Density
T Thrust 8 Momentum thickness
uv Velocity components T Shear stress

iy Coordinate sysiem

Subscripts

BL Boundary layer

D Delivered

Approved for public release; distribution is unlimited.
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CALCULATION OF THE BOUNDARY LAYER LOSS IN NOZZLE FLOWS
The conventicnal JANNAF method 9-10 for evaluation of the viscous thrust loss in rocket engine nozzle employs
both the boundary layer momentum and displacement thickness. This method can be amived at by two different
approaches as shown by Alber!t, The basis for the approach is to compare the thrust of an inviscid nozzle to a viscous

nozzle with the same mass flow rate. In the cquation given below, the first term represents the pressure forces acting on
an inviscid nozzle and the second and third tenms represent the total stress forces acting on the viscous nozzle.

S - Te
AT = | (p* - p)2nr, SLn dx - } 0o - p,)2n(ry+5*cosp) SUistOcosd )
o ¢ 0

+ i 1, 2mirptdcosd)cosh dx
)

where ry, is the distance from the axis to the potential wall and p* is the pressure at rp, as is shown in Figure 1.
]

When the boundary layer characteristics lengths, 8, 0, and 8%, are assumed to be small compared to the
characteristic nozzle lengths, r and R, then equation (1) reduces to the standard JANNAF relationt®

AT =2n cosd [pguzroe - 1g8%(p. - poo)] 2)

ch‘f the boundary layer thickness assumption that 8/R. << 1 is relaxed, then the modificd JANNAF relation can be
derivedd, i.c., ’

O = patr Beosd - gB*(pe - pe)eosh ©)
using the alternate forms of the momentum and displacement thicknesses for axisymmetric flows shown bslow
. s _Ir u u
(momentur~. thickness) 6 = Z % 5%7; 1- '6;] dy (4a)
= ] T u
(displacement thickness) 8% = | = [l - B8 |y (4b)
o rO p Cue

Table 1 (from Reference 2) shows that the differences in boundary layer loss as computed from Equation 1, 2, and
3 (columns E, A, and B respectively) are significant for nozzles with thick boundary layers.

R = BX NOZZLE WALL
Ry= AX
k(x) = 1/R
° BOUNDARY
LAYER EDGE walf

AXIS OF SYMMETRY

Figure 1. System Geometry X

A=30




Table 1 Boundary Layer Thrust Deficit for Variety of Engines in the Absence
and Presence of the Longitudinel Curvature. Cold Wall Case

THRUST DEFICIT, 1bf, sec./lbm

HOZILE HITHOUT LONGITUDINAL CURVATURE WITH LONGITUDINAL CURVAIURE

EQ. A EQ. B EQ. C EQ. D EQ. E EQ. A EQ. B Q. C EQ. D EQ. E
SSME 6.8843 6.7730 6.7650 6.2088 6.2233 6.3720 6.3184 6.4758 §.02387 6.5036
ASE 14,1985 13,6977 13,4572 12,3531 11,8394 14,2351  13.7440 13,5000 12,3782 11,7659
RL-10 11.8549  11.0871 10,8094 10.4630 10.4930 11,7732 11.0714 10,8391 10,4517 10.4964
XDELTA 1.84359 1.8160 1.7602 1.7220 1.8132 1,8450 1,8160 1.7870 1.7218 1.6211
BCAS1S 0.8588 0.8534 0.8481 0.8142 0.8373 0.8686 0.8534 0.8221 0.8141 0.8378
BC1010 1.8578 1,7941 1.7866 1.8000 1.8290 1.8582 1.7042 1.8121 1.8001 1.8788
Ius 1.0864 1.9523 1.98223 1.8361 2.0943 1.9862 1.9521 1.8524 1.8380 2.0828
XLR-134 27,3282  25.6350 25,3452 24,8378 23,2504 27,3528 25.6530 25,2531  24.6322 23,1904
Eq. A. AT = 2% cosd (p uic § - r §%(p g,

¢ eo0 o o

Eq. B.

Eq. C.

Eq. D.

in all ¢

“ 2, foosd - ¢ §o(p -
Ar zrr[p.u.xgﬁcows t°5 (1: go)comﬁ]

AT - 27f(p.u.21i>5co:¢ - rps.-'(;: B eosd)

s £
- - - a
AT = 2 - - - 2 AR
Zn[p.u.xi’ocos¢ rpS'(;: go)cos¢ Ip.u.xo ¢ c°’¢8x = dx})
°
°

s dr
P

AT = | (p*-p )2Kr --= dx -
J‘ p. Ro p dx

- 3 -
(e6* cosd) dx +I LIS +6%cosd)cosd dx
P

Q' Q

- 23 -
(p" gn) x

o s an

o ]

he above oquations T(x) ~ 0




ROLE OF TURBULENCE MODELS

The unstcady Navier-Stokes equations arc generally recognized as being capable of accurately describing both
laminar and turbulent flows. However, the difficulties associated with resolving the various length scales in turbulent
flows has removed direct solution of these equations from practical engineering usage. Instead, the time or Reynold's
averaged Navier-Stokes equations are solved for cases of engineering interest. The time averaging of the equation
generates "apparent” stresses and heat fluxes which are modeled empirically. This empiricism relates mean flow
variables to the apparent stresses.

Two classes of turbulence modeling are currently popular. The first class is the eddy viscosity or mixing length
methods which trace their ongins to Boussinesq and Prandtl. These methods are also referred to as simple algebraic or
zero equation models. The second class uses transport equations to evaluate the turbulent Reynolds stress terms. A

frequently used two-equation model is the k€ method which was first proposed by Harlow and Nakayama!?, Some
popular k-¢ methods follow the work of Jones and Launder!3 and Launder and Spalding!4.

The JANNAF standard codes for evaluating boundary layer losses, i.c., SPP-BLMS6, TDK-BLM/MABLS, and
BLIMP-J15 all use the Cebeci-Smith eddy viscosity model'6, The VIPER code being developed under this effort includes

both the Cebeci-Smith eddy viscosity model and a k-¢ model, sce Reference 7 and 8.

With the success of viscous flow calculations it is easy to forget the origin and amount of empiricisms that go into
these calculanions. All of these turbulence models were d-veloped for air and pressure gradients which seem very modest
by rocket nozzle standards. A study conducted by Evansl comparing 3 similar eddy viscosity models (Kendall,
Bushnell, and Cebeci-Smith) concluded that large differences in heat transfer could occur between these models. The
main culprit was assumed to be the way which these models handle density and temperature gradients across the
boundary layer, especially in the law of the wall region.

Bascline Computati

To estabhsh a baseline for the computations, a series of four liquid engines (RL10, SSME, XLR134, and ASE)
were run on the TDK/BLM codes and eight solid motor cases on SPP/BLM. The results of these computations are shown
in Figure 2. The major reason for higher losses on liquid systems is that these sysiems tend to have cooled walls and
hence higher boundary losses. No attempt was made to correct for the effects of regen heat addition to the core flow on
the overall boundary layer loss. As a result of these computations, we found the following expressions to be reasonable
fits of the data.

solid propellant systems

Al 100 = 0.32 + 3.887 x 103
s1’131./1-‘4’0 X :

liquid propellant systems

= 3
AlspBLﬂspD x 100 = 1.065 + 6.192 x 103 ¢

where ¢ is the nozzle area ratio

While the above can be used for estimates of the boundary layer loss, carc should be exercised for liquid systems
since the amount of heat extracted from the flow (and hence Als ) varies greatly from engine to engine and is not a

PBL
function of area ratio.
PNS Results
Computations were performed for six liguid propellant rocket enpine< using ihe IPER7-8 code. The VIPER code

was selected for this study because it contains all of the models to do a complete and < unsistent st of calculations. It can

treat both laminar and turbulent flow with reacting chemistry. It has tw; turbulence models, Cebeci-Smith and k-¢, and
can handle very thick boundary layers since the core flow and wall shear layer are directly coupled. The boundary layer
loss was computed as the integral of the shear stress along the wall (last term in equation 1),

Laminar and turbulent (eddy viscosity) results were obtained for all six nozzles. The characteristics of these

engines are given in Table 2 and the results are shown in Figure 3. While there is a significant amount of scatter in the
computed results, it is clear that the turbulent losses arc from 2 to 4 times larger than the laminar losses.

A=3F,
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Table 2, Engine Characteristics
Chamber Throat Expansion
Engine Name Pressure Radius(in) Ratio
NASA/Lewis Hi-E 360 5 1025,
XLR-134 510 396 761.9
RCS 150 1,021 28.46
SSME 3285 5.1527 71.5
RL 10 394.3 2.57 205.03
ASE 28 1.254 4007

Unfortunately the k-€ turbulence model incorporated in VIPER tumed out not to be as robust as we had hoped and
we were able 1o obtain reasonable results for only one case. That case was the XLR-134 high expansion ratio nozzle.
The following table shows the results for this nozzle using frozen chemistry.

Turbulence Model

Cebeci Smith

k-€

Delivered
lsp Al Ppy,
456.377 17.839
452,833 23,688
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Figure 3. Laminar and Turbulent Boundary Layer Loss Comparison

No matter how the comparison of the above is made, a one percent difference in delivered Isp has to be considered

significant,

The magnitude of the boundary layer loss and the discrepancy between turbulence models can only be resolved by
very careful boundary layer measurements in an environment similar to a rocket engine.

It is obvious from the results presented here that expenmental validation of boundary layer loss models is required
if the design margins on future high area ratio space systems are to be lowered. To put this statement in perspective, the
rule of thumb is that a loss of 1% in Isp results in a 2% loss in payload.

CONCLUSIONS

The magnitude of the boundary layer performance loss has been shewn to range 1 to 6% of the total delivered Isp

for liquid propellant rocket engines with moderate to high arca ratios. The effect of turbulence has been shown to
increase the performance loss over a laminar boundary layer by factors of 2 to 6 making the onset of turbulence a critical
factor for *mall high area ratio nozzles.

The uncerainty in turbulence models had becn previously estimated to be in the 10 - 25% range on predicted I

loss. ‘The calcuiations presented fere siiowed a range ui 25 - 33% depanding on thr ' oted base,

p
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ARSTRACT

The effects of thick boundary layers on
nozzle flow performance has been {nvestigated.
The velatfonship hetween the boundary layer and
the core flow for a variety of real engine
parameters has been established., Euler/boundary
layer solutions are compared against the full
Navier-Stokes solver and PNS solver. These
solutions have been compared to the standard
JANNAF TDK/BLM computer code,

The interaction between the viscous layer and
the core flow has been studied for a thick
boundary layer where the "thin" shear layer
equations are not valld. This study i{s for
perfect gnas with constant v,

The validity and restrictions for "thin*
shear layer assumptfon for thick boundary layers
has been studied.
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I, INTRODUCTION

The trend tovards very large area ratio
nozzles, which result i{n performance gains for
space applications, has increaszed the need for
detailed knowledge of the momentum losses duve to
nozzle viscous effects ({.e., boundary layer) and
the flowfield parameters in propulsion systems,
These losses degrade overall systom performance
as lc directly affects payload efficiencles such
as {ncreasing system welght, decreasing useful
payload weight, and decreasing effective system
range.

As the Interest in underst :nding of high
speed flows and performance of propulsive nozzles
increases, there {s need for the developnent of
more precise computational techniques. The
performance loss in high sxpansion ratio nozzles
due to the viscous layar is a critical design
parameter in 'f19351"5 the nozzle .geametry.
Recent studies indicate that for high area
ratio nozzles, the viscous layer can become quite
thick such that the evaluation of lossss due to
this layer basea upon the traditional Prandtl
thin shear layer approximation could be
fnsufficient for its application. Although the
second order boundary layer equations could he
utilized for ootaining improved results, thevre {s
stil]l a need for superior techniques to treat
"thick" viscous layers,

Very powerful computational capabilities have
been developed in the application of finite
difference techniques to the solution of the
fluld dynamic equations governing compressible
flows.

The most notabie algorithm was Introduced by
MacCormack in his classic 1969 paper on the
effect of(x;scoslcy on hypervelocity impact
craceving Hls explicit solution technique,
which {s a variation on the Lax-Vendroff secoud
order method, uses a predictor-corrector opervator
to achleve second order accuracy while using a
first order accurate finite difference approach.
Since this method Is easily applied to complex
flow{ield PrObligi' ft is widely used in the CFD
comnunity today "',

To resolvs the viscous layer portion of the
flow in Navier-Stokes solvers, a fine mesh should
be considered.near the wall region. This will
result In increasing the computation time
considerably. To some extent, this.difficulty
has been overcome by the development of PNS
(parabolizsd Navier-Stokes) equatfons and
ENS-basad computer programs,




The parabol{zed Navier-Stokes cquations
neglect the streamwlse diffusion tevin, which
along with special treatment of the subsonle
region of the boundary layev vemoves the spatial
ellipticity from the steady form of the cquatfons
and permits a solution by streamwise marching
computational techniques. The major advantapge of
the PNS cudes, in general, {s that they solve a
steady form of the governing equations and are
much more efficient than time-dependent codes for
solution of the unsteady Navier-Stokes equations.
Due to these attributes, I'NS codes arve widely
used today to analg;g)fluld dynunics of
compressible flow .

Our goal In this work was to establish a
fundamental understanding of thick viscous
layers. Supersonic flows {n propulsive nozzles
have been considered In this work. Three codes
(NS, PNS, and boundary layer solvers) weve
selected and exevrcised on the candidate engines
cubracing lamlnar to fully turbuleat boundary
layer flows.

I1. TEST CASES AND CODES

A list of candidate englnes and their
specifications {s shown in Table 1. The test
cases cover the whole range of laminar (300:1
nozzle) to completely turbulent nozzle flows (ASE
and SSHME). The software selisted to pérforgoshis
study were the TDK/BLM g5 -2 PNS code .
the ?5{;05 (Euler) code , and the VNAP2 (NS)
code .

Some of ths computer programs had to be
modified to increase the resolution and/or
computation accuracy. Both the inviscid and
viscous solutions are obtained and compared.

111, INVISCID SOLUTION

A comparison hetween the TOK, VNAP2, and
AX12DS code vesults for the nozzle mass flow
vate, thrust, and I__ ave presented in Table 2.
The VYNAP2 Code (NS gg\ver) vas modified to
separate the subsonic/transonic and supevsonic
portion of the flow. The validity of .
"segmentdig?u" of the nozzle has been discussed
elsevwhere and it has been shown that this
method vesults in aceurate solutions in a falrly
reasonable amount of computation time.

There is excellant agrcement hetween VNAP2 fn
the Euler mode and TDK. AX12DS ylelds comparable
rasults; liowever, due to the poor grid resolution
{n AX120DS, the results ave slighcly diffevent
from the other two. From this table [t can be
concluded that for low thrust engines, such as
the Hughes 1300:1 cngine, I_ 1is vevy sensitive to
the nozzle mass flow rate dlle to the small mass
flow rates, '

So, for low thrust engines, it Is necessary
that the methodology bef{ng used must consevve
mass as much as possible. Also, from Table 2, {t¢
can be observed that poor grilds have significant
effect on the higher area ratio nozzles, {.e.,
for high expansion ratio nozzles, such as the
XLR-134, an enormous number of grid points is
necessary to solve the flowfield covrrectlv,

IV, VISCOUS SOLUTIONS

The results of the thrust and 1
calculations for all the test cases*End for the
viscous flows are tabulated {n Table 3. The
in{cial line properties for the PNS Code weve
taken from the VNAP2 solution. For the low
thrust englne, the flow Is laminar and the
viscous layer occuples about 30V of the nozzle
(6 9 /v = .30), and disagreement between
TDR/g?H and VNAP2 {s basically diue to the

Table 1: Candldate Engines for Thick Boundary Layer Study

omER OO IEWAN'S  DPAGION

BGIIE APPLICATION PRCPELLANT  TIOWST  PHESSURE  RADIUS, R'  NUAIER RATIO

(lb‘.) (pota) (inddy23) fe,,
SSE (Spice Shittle  SSTO woval,  M3,000  2935.7 ST 1LBx 10 TI.5:
Maln Englne)
ISE (Rocketdyne, o wwal, 2,600 2287 nash 220x10°  b0ost
Advanced Space
Englne)
B34 hugees Swacearart W, 5.1 166 035 350100 300:8
Spacearaft Englne)
SLR-134 o lova, sn 510 3% LB X 10° 761




Table 2: Comparison of Thrust Calculations for 10K, VNAP2 and AXI20S for an tnviscid Flow of a Parfect Gos, Adiabatic vall

10K WNAP2 (Culer Mode) AX120S (Euler Mode)
KASS X 1sp 70 i 1A “‘ ;nzL ARADIAL) X .15p x
MASS CRiDS $ AX .
LoV THRUST, ISP‘ A:IAL } 3 CrL :k?t' ﬂ'tg?l, l"‘b' le&i:iﬂtﬂ oy \bf s |. (b' OIFLE:.E‘"CE
LILE | RATE (bf [sec.ibf AD LAL R sec. t sec.
tbwsec Tha ] FARNSORTE —TRANSOATC | tbm/sec “Tom | wx | aate, N il BT
FUPERSONIC SUPERSOMIC tbw/sec
7x 31 .8 :
oo 1058950506900 625,00 || T 05906 usones.efezs.26 | o7 f10s9.96 azrssauTion.ds | 522
1 3 . ‘
1% x 3 .6
pSE {49.35 (2253513 S6.66 9.2101[22684.48e56.90 | -.05  Jke.2r {aues.mlesros | 23
151 x 1 7
1 x &1 )
PUGHES
00:1 lo.02193f5.e58  Res.ze [ l.o2a1z {s.4e1  fate.00 | 1.1 flo2arz {536 w167 | 2.8
131 x 45 .8
121 x 31 .4
Lu-m s fsrnae snez [T asiesfsa0.0e fusoez | a2 [asios fest.os k%6 | 740
x .

resolution of the viscous layer, particularly
near the wall, These results are obtained for
variable grid spacing with more gridlines close
to the wall. However, i{n TDK/BLM about 120
points are assumed i{n the viscous layer as
opposed to about 20 points in the NS or PNS
solvers. So, it can be concluded that the
discrepancy between these results is due to the
resolutfon of the viscous layer.

There are still fundamental questions th.t
have to be answered: that is how thick is the
subsonic layer and how accurate can an NS or PNS
solver predict the thickness of this sublayer?
Two of the candidate engines, ASE and XLR-134,
were chosen to answer these questions for further
studles.

In ASE, the viscous layer occupies about 15%
of the nozzle and {n the XLR-134 nozzle, this
value is about 20% (6 /r). Both adiabatic
and cooled walls are considered; and subsonic
layer thickness, together with a number of points
across the viscous layer and subsonic layer are
depicted ig Table 4, From this table, it con be
observed that generally, if an NS solver {s
applied to supersonic nr-zle flow to resolve the
viscous layer, an enormous number of points will
be needed which makes the computationsl time
prohibitively large. This table also indicates
that the subsonic layer thickness is about 1t of
the boundary layer and the mass travelling in
this sublayer Is so small such that {t cannot
have any major effect on the performance. The
thickness of the subsonic lsyer i{s very small
compared to the viscous layer and the flowfield,
and does not establish a concern about the
information travelling backward in the nozzle in
this Sublayer due to the elliptic nature of the
governing equations.

V. SHEAR LAYER CORE FLOW INTERACTION

In the nozzle expansion, at some point, the
Reynold’s number can become low enough that the
thin shear laysr (3iSL) or boundary layer
equations no longer yield acceptable accuracy for
performance predicrion. There is no simple way
to detect when the T5L equations are no longer
adequate,

There are scveral studfes in the area of the
inviscid-viscous integrsctigu. Among these.a
the mef?ggs of Carcifggi’{gy. Le ?f}lfg;iis'ix).
Wigton , Veldman and Moses ' . All of
these schemes consist of coupling a system of
elliptic equations for the inviscid flow to
parabolic equations for the boundary layer.
However, all of these studies neglect the fact
that the parabolic boundary laycr equations will
not give accurate resulif9for a thick viscous
layer {n internal flows . Higher order
boundary lsyer equations are treated in reference
1 and 2 in a more complete manner than found in
most of the lfterature on viscous-inviscid
interaction. However, there is no doubt that for
“thick boundary layers,* full Navier-Stokes or
parabolized Navier-Stokes equations are far
better tools for treating the viscous layer. It
is our goal in this section to clarify the
viscous-inviscid fnteraction.

For the purpose of this study, the XLR-134
nozzle, which we computed to have a fairly thick
boundary layer, was chosen, At each axial
station [flow values were obtained in a direction
perpendicular to the wall (boundary layer
coordinate) using thq YNAP2 code. Both viscous
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Tabte 3: Comparison of Thrust Calculations for 10K, VKAP2(NS) snd PKS Codes for Viscous Flow of a Perfect Cas,
Adisbatic Walt
10K/8LK YNAP2 NS
] [11} X 1sp 70_{AXIA °'§°§¢ RADIALY) | X 15P
MAS R1DS MASS
Fow | otesust,) o 1sp AXIAL X CFL FLOM | ThRUST,] 1SP,  DIFFERENCE sf"“iiﬁ? ST 188, |otrrerencH
Noa2ee | rate, tnf “sec. [otfl eantaL RATE ot “faec. il witn Lo bt |sec.ibtf  Wiln .
tbwsee 16a | peANsOATE——TIOREONTE [1b/s ec “Tia—| ok || aate, i Toc
FUPERSOMIC  SUPERSONIC lbwsec
161 x 81 .6
SSNE 1058,95]44¢8512.0]423,54 1042,60] 452348.21433.85 | +2.43 1042.60 [427930.4 410.44 3.10
210 x 81 .6 '
204 x 95 g
ASE 49.34  |22298.8 |451.87 49,54 ]22123.1 [446.58 | 1.17 K956 [22757.7 [459.38 | -1.86
181 x 95 N
165 x 55 ) *
MUGKES
[300:1 | 0.02193]5.3156 242,39 L02244 15.8914 1262.54 | -8.30 02244  15.1682 }230.31 4,98
181 x 81 .7
161 x 81 .7
XLR-134) 1,11455]505.85 1453.86 1.21826|537.50 441,20 | 2.79 1.21826 473.45 |388.43 | 14.37
161 x 81 N4
Table 4: Subsonlc Layer Thickness Predicted by VNAP2, BLK and PNS Codes ’
0 *
CORED WALL (T = 1000 R) ADISATIC WALL
L]
velocity points Across the Velocity Points Across the
Thickness Subsonic Layer/ Thickness Subsonic Leyer/
S (Inchesy [ (inches) jl& (inches) é {inches)
Fngine | 0.995 Points Across the Subsonic 0. Points acruss the Subsonic
(BLM) Soundary tayer (BLM) Soundary Layer
VNAP2*| BLNM PNS® | VNAP2 | BLM PNS VEAP2¢[ N PNS* | vNAP2 | BN PuS
b kst 2.13 3714 |45/142 ] 5716 | 0178 {.0072 | .155 2,43 $/15 [S3/7132 | /15 | .0527 }.0513 |.2362
KLRI3S 2.02 175 |58/7126| 3/15 | .0071 |.0342 | .0551 .22 4718 |63/7140 § 5714 | .0560 1.0424 £ .156%

* Nurber of points {n the radial direction for ASE Is 95 end for NLRIJL s 81 with more points close to the wsll,

this is an approximation for VWAPZ and PNS Codes.

and inviscid solutiuns were obtained for
comparison. The difference between the axial and
total velocities for the fnviscid and viscous
solutions are depicted in Figure 1. Also shown
on Figure 1 is the displacement thickness, §*,

as computed by cthe TDK/BLM code. In classical
TSL theory, the effect of the boundary layer on
the outer or core flow {s taken into account by
displacing the wall in the normal direction by
§%*, The outer flow ig then recomputed using

the displaced wall and thus reflects the
interaction of the TSL on the core flow.
differen- ~ between these two inviscid
caleulatl s (from TDK) divided by the original
invisclid velocity are shown on Flgure 1 and
labeled as the TSL asymptote. As is clearly
evident in Figure 1, the frectional velocity
differences approach a higher asymptote than
predicted by TSL theory and at a much farther
distance from the wall,

The

The same results for ASE nozzle are shown in
Figure 2. From the boundary layer code § 995 ~
1.5 inches at X ~ 60 inches (this {s shout 3? of
the flowfield, {.e., §/r = ,07). The boundary
layer thickness relative to the local transverse
curvature (§/r) is about halt of the XLR134
value, So it is anticipated that the boundary
layer equatfons yield more accurate results for
the ASE nozzle. CIrom Figure 2, Lt can be seen
that at § ~ 1.5 inches the value of
u, -u . ) ts changing very slowly as
opéggedvég théngeglon clgseg to Zha wall, meaning
that the viscous efects are almost dissipated at
the 1.5 inches outward from the wall, However,
there f{s still some viscous effects or
fnteraction for distances larger than 1.5 inches.

The VNAP2 and TDK code solutions for inviscid
flow of a perfect gas yleld the edge condition
for solving the boundary layer aquations,




Boundary layer equations were solved for all
cases using the two sets of edge conditions and
the results are Indicated i{n Table 5. This table
reveals that for the boundary layer losses, the
agreement between the two calculations are not
good. Since the boundar; layer code used for
both calculations was the same, the differences
are attributed to the inviscid edge conditions.
Both the mesh resolution and accuracy of the
Hethod of Characteristic calculation are
considered superfor to those of the VNAP2 code.

To examine the magnitude of the streamwise
diffusion terms in Navier-Stokes equations, the
full NS equations are compared against NS
equations without the streamw{se di(fusion terms
for one engine, the ASE. Toble 6 compares the
thrust and mass flow rate for both cases, and
Figure 3 indicates the Mach number and pressure
at the exit plane for both cases, Excellent
agreement ls obse 'ved. Flgure 3 Indicates a
severe pressure giradient at the wall throughout
the boundary layer and mild pressure gradlent
for the {nviscid portion of the flow. This is
compatible with the results in Reference 1 and 2
vhere the second order boundary layer solution
reveals this pressure gradient across the shear
layer. These sample results indicate that the
magnitude of streamwise diffusion terms in
Navier-Stokes equations for supersonic flows,
compared to other terms, are very small, and that
they can be eliminated from the NS equatioms.

The performance results with ax{al diffusion term
{s closer to the TDK/BIM results (see Table 3).
However, the difference between the Is 's in
Table 6 can be due to the numerical sZReme rather

CONPARISEN OF THE AXIAL CONPONENT
8F VELOCITIES FOR INYISCIO RHD
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than the axial diffusion terms. This has been a
conclusion of studies presently being performed
at Software and Englneering Associate Inc.

Table 5: Comparison of the Boundary Layer Losses
Between TOK/BLM and VNAP2/BLM for
Adiabatic Wall

1 1bE, sec./lba.
Engine sp’
s Difference
TOK/BIH | VNAP2/BLH | (TDK-VNAP2)/TDK

SSHME 2,057 2,184 - 6.12
Hughes 300:1 ] 3.4) 2.896 15.57
ASE 4.789 *5.614 -17.227
XLR-134 5.635 6.854 »21.63)

Table €: Hass Flov Rste, Thrust and l. for the ASE
fn the Presence and Absence SF Axlal
Diffuslon Terms

VITH AXIAL DIFFUSION WITHOUT AXIAL DIFFUSION

Hess Flov Mass Flow

1bn/sec 1114 P be | 1bm/sec bt ba

Rate Thruse, 1, 1bf - sec Rate Thrust, “P' 1bf - sed
1 1 :

49,56 [22,123 &46.58 49.63 22,103 443,33
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COHPARISON OF PRESSURE AT THE EXIT PLANE
FOR VISCOUS FLOH-OF R PERFECT ORS

ASE NOZZLE

O VIArZ u(11 1XIM 131108100 O YIAr2 UITHOWT AL DIFFUSEIN

COMPARISON OF MACH NUMBER AT THE EXIT -PLANE
FOR Y1SCOUS FLOW OF A PERFECT GAS

AL ML

O-YSAPZ NITE DXIAL BLIFVSION 0 yanr2 NITAUT SXIN orrwion

.0

(L8] d - ]

129

RADIAL DISTANCE 7/ THRBAT RADIV® C(R/K™)

L L 1

SAOIM. OLSTANCE / THROAT RROLUE LR/R®)

‘0.0 1 1 ]
0.00 0.20 0,40 0.80 0.80 1.88 1.10

thar

o - -
- = - =
b, b & . . b
g ’ L L 30
1
L
b
4

-~
Py

. D
i

-8.0 v\ 1 i

WACH WnttR

: I
400 4.80 §.00 €40 §.00 $.50 700 1.40

-PRESLURC, PEIR

Ploure 3. Zomparlsohs of exit plane Mach nunber and pressure profiles hetween KS solutions
wivh anl ulthout atveamwise dlffuclon for ACE-fozzle.




VI, CGONCINSTON

The effects of varfous methods of computing
the wall shear layer in propulsive nozzles has
been studied for relatively thick boundary
layers. 1t was found that for nozzle flows where
the computed boundary layer thickness exceeds 10%
of the local nozzle radius that calculations
based on the traditional Prandtl thin boundary
layer assumptions are not of sufficlent accuracy
for detalled propulsicn studies. No firm
criteria or methods have been developed to
estimate the magnitude of the ervor assoclated
with the use of the thin shear layer assumptlions
The work that this recport Is based on {s stiil in
progress and it is hoped that more definlctive
results will be generated.
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ABSTRACT

A Parabolized Navier—Stokes Code,
VISPER (Viscous Performance Code for Nozzle
Flow with Finite Rate Chemistry) has been
developed which calzulates the internal flow of
turbulent and non-equilibrium reacting gases.
The technique of Richardson Extrapolation is
applied to the 1Ist order Beam-Warming
scheme to provide (i) estimates for the local
error at each marching step, (ii) automatic siep
size variation, and, (iii) extension to second
order. The resulting numerical procedure is
more  stable than the second order
Beam-Warming method and has the efficiency
of an auwaiaiiz step size control method. Two
turbulence moedels, mixing length and k~¢, are
used to resolve tie wall shear layer, The results
from this code are compared against existing
experimental data for supersonic combustion
and rocket nozzle flows. For the latter,
comparisons are aiso made to predictions from
classical inviscid/boundary layer methods. A
measure of the interaction between the core
flow/boundary layer is obtained and, at the
same time, the extent of the validity of the
classical method of calculation is revealed.
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NOMENCLATURE

mass fraction
specific heat

species enthalpy

total enthalpy (h + V2/2)
Jacobian

pressure

prandtl number

heat flux

gas constant

transverse curvature

temperature

velocity .
axial and normal components of velocity
axial direction

normal direction
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transformed coordinates for x and y
species production term

Vigneron pressure splitting term
viscosity

density

shear stress
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* reference value

~ contravariant

i index in & direction (axial)
- dimensional quantity

Subscripts

! species

§ index in 7 direction (radial)

L laminar

r reference value

T turbulent

x,&  in axial or transformed axial direction
;M in nommal or transformed normal
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In recent years, there has been a
substantial amount of research in computing
steady, viscous, intemal flow, due to its
imponance in the design of components such as
gas  turbine and ramjet  combustors,
turbo~machinery, inlet ducts, and rocket engine
nozzles. The equations that govern such flows
are the Navier—Stokes equations. Under certain
conditions these flowfields can be accuratcly
predicted with a simplified version of the full
Navier~Stokes equations.  The Parabolized
Navier-Stokes equations represent one such
class of simplifications.

Parabolized  Navier—Stokes  (PNS)
cquations are a subset of the Navier—Stokes
(NS) equations which are valid for
predominently supersonic flow with subsonic
shear Iagcrs. provided no streamwise separation
occurs),2,  The PNS equations neglect the
streamwise diffusion term which, along with
special treatment of the subsonic region of the
boundary layer, removes the spatial ellipticity
{rom the steady fonn of the equaticas and
permits a solution using a streamwisz marching
computational technique. Althorgh the PNS
models were developed in the exddy 1960's, they
were not widely used until the 1970's and
1980's4-9.

As the interest in understanding of high
speed flows and performance of propulsive
nozzles increases, there is need for development
of more precise computational techniques. It
has been shown that the adequacy of the
standard JANNAF (Joint Army, Navy, NASA,
Air Force) liquid rocket performance prediction
methodology! is  questionable for high
expansion ratio nozzles andfor nozzles with
thick viscous layer. The JANNAF procedure
uncouples the inviscid flow and viscous layer
and loses validity when there are extensive
interactions between the viscous layer and the
core flow,

The PNS equations are integrated
throughout the viscous and inviscid regions of
the flow, This procedure eliminates the need tc
specifv the edge conditions in matching
boundary layer and inviscid solutions, i.c. the
conventional  inviscid—viscous  interaction.
Popular algorithms for solving PNS equations
are those by Briley and McDonald!! and Beam
and Wanmirj‘g’z, and more recently, upwind
algorithms41-44,

Richardson Extrapolation is a generic
numerical procedure that can be applied to any
computational scheme for which there is an
asymptotic expansion of the local truncation
error 2s the mesh is infinitely refined??. This
extrapolation technique can be used to provide
cstimates for local error as well as a way to
extend a numerical scheme to higher order,
Richardson Extrapolation has been used
successfully in the numerical solution of
ordinary differential equation, and numerical

vadrature, to name a few . For fluid
3ynamic applications this technique has bezn
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applied extensively to boundary layer equations
by Keller and Cebeci 36, “Blotiner3?, and
others®®, ecither to raise the order of the
numerical scheme or to do accuracy study.
More recently, Richardson Extrapolation has
been applied to Multigrid Methods3840, 10
provide local error estimates and cxtension to
higher order, The use of Richardson
Extrapolation here diffsrs from that of
references 36,37 in two ways. Firstly, the
technique is applied 10 the irecti
and not the radial direction, to obtain the local
crror and extension to second order, Secondly,
the information from the local error is utilized
to provide automatic step size control in the
marching direction,

The resulting algorithm has been
implemented in a production code for liquid
rocket performance, called VISPER, developed
for AFAL. The predictions from VISPER are
compared to experimental data as well as to the
established  JANNAF  code, TDK/BLM/
MABL®, For nozzles known to have a thick
viscous layer, comparing VISPER results to
classical inviscid/boundary layer calculations
yiclds a measure of the interaction between the
core flow and the boundary layer.

GOVERNING EQUATIONS
For body filted coordinates (§,n), with §

= §(x,r) and n = n(x,r), the PNS equations for
axisymmetric flow in conservation form are:
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For planar flow, simply remove r end G
fr_om equation (1). In the above equations, the
viscosity, W, represents the effective viscosity,
i.c., for laminar flow, |t is the laminar viscosiiy,
whn!e for turbulent flow, p is the sum of the
laminar and turbulent viscosity. Similarly, for
turbulent  flow, the effective thermal
conductivity is represented by

%—sub +:uT
3 PrL PrT

The thermodynamic properties are
related to the species mass fractions, ¢, as

1
follows:

c =% cicpi(T)

R  =ZcReM,

the summation is taken over the number of
species,

The species continuity equations for
axisymmetric flow in transformed coordinates
are:

E)ci

dc; dc,
g+ i B [
dc;
Flbamndn

dc;
+mi+'}"§'fifﬁlnr @)

Unity Lewis number is assumed in
equation (2) to simplify the coding and should
not significantly affect the accuracy of the
results for the problems considered here.

1

For planar flow, simply remove the T

term in equation (2). In equation (2), U and ¥
denote the contravariant veiocities,

[N =uf +vE

= U,k vIg
© = species production terms.

<1

The following non-dimensionalization  is
implemented

X = X/r*

h = hju?

r = T/x*

p = plpul

u = u/ur

B o= jUtp,

v = V/ur

W = O,
T = 'I'/I‘r

and consequently the form of equations (1) and
(2) remains unchanged.

FINITE DIFFERENCE EQUATIONS

The numerical scheme used for equation
(1) is basically the linearized block implicit
method of Briley-McDonald!! or
Beam-Warming!2, The present implemeiitation
of the finite difference scheme differs from
previous PNS solvers in two major ways. First,
the vector (p, u, v, h) is used as dependent
variables, instead of the more common vector
(p, pu, pv, pH). Second, the diffusion terms are
treated using second derivatives explicitly. The
advantages of the present approach are that the
tridiagonal block matrices do not need
conditioning and no artificial damping, either
implicit or explicit, is necessary, The geometric
conservation lawls is observed in differencing
the fluxes.

The species continuity  equations,
equation (2), are finite—difference using the
implicit Euler method at the forward station,
once a solution for the fluid equations is
obtained there,  This decoupled approach
between the fluid and the chemistry cuts down
on the bandwidth of the block tridiagonal
matrices, while does not scem to affect the
accuracy of the scheme.

The Vigneron sublayer model3M is

used to suppress the ellipticity of the subsonic
region of the boundary layer. More details on

the numerics are available in reference 35, as
this paper is oriented toward applications.

Equation (1) is rewritten as:
B+ Fb+ 5

+G=0 (3)
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B =r0,8,(1-wp. E(1-0)p, 0)

® = parameter in Vigneron

Sublayer model,
oTMg
(0] = min 0 11,
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M; = Mach Number in the §
direction
n,(E+E)) + n,(F+F)
F=ar I
8-9,

In the Beam—Warming scheme, the flux

vectors fi. f:. 6 need to be linearized about the
present station. Each of the flux vectors can be
represented as of the sum of terms of the form
fW, where f is a grid related quantity such as
§xr/J, n, r/J, or 1/, and W is a flux vector,

such as E, F, or G. Denoting by j the index for
1, and i the index for €, then,
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Using Taylor's expansion to first order:

AWl

i+1 i
=W. " -W.
) w.l

J
- 349
+ %;AQ,, ; )
=549
Q =(p,u, v, h)

O =3%.

1

Differenves in the 1) direction are eva™ ated as
central differences at the forward point. When
linearization ¢f the form (4) a1 (SP)o are applied
to equation 3), a tridiagonuc block structure
results which can be solved efficiendy for the
increment,

” =0it! _ol
.QJ QJ Q.l .

Once a solutivn for the rluid dynamic
cquations (1) is obtained at the forward station,
the species continuity equations can be solved
at the same station, using the implicit Euler
scheme,

BOUNDARY CONDITIONS

At the solid wall, the following
bour dary conditious are implemented:

v=0

dp/on=0, @hor=00rT= Ty

u="h

At the centerline, symmetric conditions are
implemented:

du dp _ch
Hﬁso=3‘%=37"'v=0'

where n is the normat vector to the wall and/or
axis.
TURBULENT MODELS

Mixing length!6,17 and k~e models’,)?
for the effective viscosity have been
incorporated into the VISPER code. An
extensive discussion »bout the k~e model can
be found in Ref. 20. The methad used to obtain
the stanting conditions for the «~e model were
based on the philosophy that the starting
solution must at leasi satisty the approximate
governing equations for k and & To obtain
profiles for k and € a loca! similarity solution of
the mean—flow governing cquations was
obtained using the mixing length model at the
starting marching step?l,

This similarity solution included
approximate profiles for the eddy viscosity and
the Reynol s shear stresses. The initial profiles
for k and € could then be evaluated.

Some uncertainty regarding the nature of
turbulent flow for low values of the local
Reymniolds number still exists. For example, the
no-slip boundary condition for flow over a
solid surface ensures that viscous effects will be
dominant in the immediate vicinity of the
surface, leading to low local Reynolds numbers.
Jones & Launder!? extended the k~& model to
the wall region without using a near wall
analysis. However, their model has not yet
been thoroughly verified.




Patankar and SpaldingZ2 have applicd
the k~e model, incorpcrating 2 Couette flow
analysis for the near wall region and using a
modified van Driest formula®. Arora, ct 214,28
have compared boundary layer solutlons
obtained with near wall models to several sets
of experimental data, including planar and
axisymmetric, incompressible and compressible,
laminar  and  turbulent, reacting  and
non-reacting and both subsonic and supersonic
flows. Their results indicate that the modified
van Driest formula suggested by Cebeci and
Chang2é is suitable for a wide mage of
boundary layer flows. Thus, this methodology
was adopted for the present effort.

N

In all the test caces presented in Jhis
paper, no artificial damping is used. This added
stability is attibuted to the way the numerics
are implemented, as explained in the section on
Finite Difference Equations. Although the
usual 4th order explicit and 2nd order implicit
smoothing terms for PNS solvers® have becn
included into the code, it has been found that
activating cither of them is detrimental to the
accuracy of the code. This fact is especially
noteworthy since the 4th order smoothing term
does not affect the formal accuracy of a lower
order method.

STEP CONTROL AND RICHARDSON
EXTRAPOLATION VERIFIED

The  technique  of  Richardson
extrapolation2? has been applied to provide an
claborate step size control, and at the same
time, extend the numerical scheme to second
order in the marching direction.  Briefly
speaking, the procedurc works as follows. At
cach marching step from § to £ + AS, the
solutions at § + A% sre obtained two ways, The
first way takes a step of size A and, the second
takes 2 steps of size AE/2, The results at £ +
AE obtained with one step aid 2 steps are then
compared to obtain the local error, If the local
crror exceeds a preset limit, then the step is
halved and the procedure repeated. If the local
error is within the accepted limit, then the
solution at & + AE is extrapolated to second
order in the marching direction as

*

se
f=2f ~f ,

where { denotes any dependent variables, and
f*, f** denote 1he solution at € + AE obtained in
one, 2 sleps, respectively.

The procedure works quite well for this
PNS application. Figure 1 shows a typical step
size vaniation as a function of axial distance for
nozzle flows. In this flow situation, the region
of highest gradient is near the throat, which
requires a small step size, and as the flow
expands (hrough ili¢ rozzie, a larger sicp sizc
can be used.
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GRID

A simple algebraic grid, based on
transfinite interpolation?8, is used in alf the test
cases presented in this paper. A sample grid is
shown in Figure 2.

EINITE RATE CHEMISTRY

The basic finite rate chemical kinetics
capability was taken from the TDK? code.
This includes the reaction rate processor and the
species net  production rate  evaluator.
Capabili~s  for both  Amhenius  and
Landau- “¢ller ratec data forms are allowed.
Both sccond and third order reactions are
‘reated for tie latter, specific 3rd body reaction
rate ratios can be input to the code.

TRANSONIC SOLUTION

The initial start line for the PNS is
obtained by taking the inviscid transonic
analysis from the Two-Dimensional Kinetics
Code (IDK)? and autaching a boundary laver
next to the wall, The above transonic solution
is approximate and based on the perturbation
method. This approach is justifiable in view of
the very thin boundary layer at the throat. One
other advantage in using a TDK based transonic
solution is that a direct comparison with
TDK/BLM?9 (TDK/Boundary Layer Module)

and/or TDK/MABL (TDK/Mass Addition
Boundary Layer) cades can be made,

RESULTS AND DISCUSSION

Three test cases were selected to verify
the code. The first test case is for verification
of the combustion and turbulence models and
the other two test cases deal with the reacting
flow in nczzles where the viscous layers are
known to be thick.

1. Burrows & Kurlov3?® supersonic
combustion to verify the
combustion and  turbulence
models in the code.

2, SBS~1A spacecraft engine.

3 XLR~134 engine.

The specifications of the two liquid rocket
engines are given in Tables 1 and 2, together
with the boundary layer thickness computed
using a classical thin boundary layer approach.
It can be scen that the viscous layer is fairly
thick in these nozzles as predicted by the
boundary layer equations and for these cases the
cextent of the interaction is rather significamt!0,
In these cases the equations shou'd be
integrated through the entire flowfield rather
than conventional inviscid—viscous interaction.
So, these two test cases seem to be suitable for
these studies.




Test Case 1:

Bumows & Kurjoy
Supersonic Combustion’?

This test case was cmployed to verifly
the validity of the combustion and turbulence
models within the PNS code. Figure 3 is the
schematic of the test case and Figure 4
cempares the experimental data for the mass
fraction of H,O with what is predicted by the
PNS code using mixing length and k~¢
turbulence models. From these results it can be
concluded that accurate predictions of species
mass fractions are obtained with VISPER, and
that liule difference is scen between the two
turbulence models.

Test Case 2: SB3-1A Spacecralt Enging

A Hughes Aircraft Corporation (HAC)
small thruster, HIE—54, was uscd to validate the
theoretical performance prediction of the PNS
code. This enginc was sclected for our study
for the following reasons. First, experimental
data arc readily available, as the engine had
been studied extensively by Kushida et al 31,
The second reason is the flowficld through the
nozzle is completely laminar resulting in a very
thick boundary layer. The previous study3! was
done wusing the classical inviscid—boundary
layer approach. The present study, using the
VISPER code, should be able to address the
adequacy of the latter approach.

This engine is a small station keeper
engine using decomposed hydrazine as
propellant. Hence, all of the PNS calculations
were performed using 3 species, NH3, N2, and
H2, and frozen chemistry. The chamber
operating conditions were as described in
Reference 31, and are repeated here as Table 3.
Six chamber pressures ranging from 25 psi to
132 psi were considered. Performance
predictions, in terms of the thrust coefficient,
were obtained for all six cases. However, the
flowficld results are only discussed for the two
extreme cases, namely the Pc = 25 psi, and Pc

= 132 psi. For the first case, with Pc = 25,

Figures 5 and 6 show the pressure and Mach
number contour line. The thickness of the
boundary layer, especially the sonic line, (M=1)
can be seen from Figure 6. Both Figures 5 and
6 show very clearly a compression wave
coming from the attachment point in the nozzle
contour and reflecting off the centerline. The
magnitude of the compression wave can be seen
from Figure 7, which shows that the pressure

along the centerline increased significantly. It
is interesting to note that this nozzle was
designed as a boundary layer compensated Rao
nozzle. The fact that a shock wave still exists
in the nozzle indicates that this classical design
method may not be applicable to flow situations
having such a thick boundary layer. Figures 8

amd OV abimaes . -
and 9 show thc pressurs and Mach number

contours for the P, = 132 case. The boundary

layer is still very thick, although not as thick as
for the Pc = 2§ case.

For the performance prediction, the
thrust coefficient, CF' defined as total thrust

divided by the product of the chamber pressure
and the throat area, were obtained from the 6
cases using the PNS code and then compared to
the results of Kushida3’ et al. In Reference 31,
the experimental data were compared against
the theoretical prediction of the JANNAF
methedology using TOK/BLM®. In Figure 10
the results of Kushida are comrared against the
present theoretical perfonmance predictions. It
can be scen in Figure 10 that the TDK/BLM
results compare surprisingly well with the
experimental data, considering how thick the
boundary layers are, especially in the low
chamber pressure range. However, the PNS
results are in better agreement with the data,
Both codes, TDK/BLM and PNS, show
excellent agreement at the highest chamber
pressure, which is understandable given the
thinner boundary layer.

XLR-134 Nozzle

The Acrojet XLR-134 is a low thrust
cryogenic enginc being developed for the
AFAL (Air Force Astronautic Laboratory). It is
intended to provide low thrust propulsion for
the delivery of large space structures to
geosynchronous orbit3233, The nozzle has an
exit area ratio of 767. The injector uses a
conventional coaxial element in which the
gascous fuel flows in an anulus around the
liquid oxidizer. To minimize the amount of
heat transfer from the engine to the vehicle, the
entirc nozzle is regenerative cooled. It should
be noted that the laminar—urbulent transition
based on Reg= 360 (Reynold's number based on

the momentum thickness) reveals that for the
given operating conditions, the flow stays
laminar till about one inch before the throat.
As yet, hot firing data are not available for this
engine. Thus, striclly speaking, the XLR—-134
is not a validation case. However, it is useful
for exploring the limits of the boundary layer
method.

Test Case 3:

The calculations for this engine were
perforied with six (6) species (H, Hz, H,0, O,
OH, O and cight (8) reaction rates. Figure 11
compares the pressure along the wall calculated
by the VISPER code, against the TDK/MABL
code. In this nozzle the boundary layer
thickness, (8'995/')cxit' is about 0.2, which can

be consider~d a fairly thick shear layer.

This thickness implies that the viscous
effects can extend beyond that of classical
boundary layer predictions. Furthermore, the
standard  methodology,  ic.,  boundary
layer/inviscid flow interaction, can underpredict
the specific impulse Isp ( = thrust/mass flow

rate), because. in gencral, it neglects part of the
viscous effects in the nozzle, (see Table 4).
Figure 12 compares the wall shear between the
two codes, The pressure and Mach number
contours depicted in Figures 13 and 14 reveal
that the shock originating from the

attachment point propagates to the axis and then
reflects.




Table 4 shows the rua time and ls for

the XLR-134 nozzle in the presence and
absence of the Richardson extrapolation. The
first half of the table is for the results with
Richardson extrapolation. The minimum sicp
size used is 0.0001. The second half shows the
results obtained with constant step sizes. It can
he seen from this table that introducing more
grid lines in 1| direction increases the run time
by a factor of 1.5, while it does not have major
impact on the accuracy of the results. To
obiain the same accuracy without this technique
the required computation time is increased by a
factor of 11.

The result for ls without Richardson

extrapolation for Af = 0.001 underpredicts the
performance by about 3%, which is not
acceptable, However, it should be noted that
duc to the extremely high gradients in
supersonic nozzle flows the required accuracy
(< 1%) is difficult to attain. It has been shown
that similar PNS Codes yield even worse
predictions for Isp‘°.34.

CONCLUDING REMARKS

The Richardson Extrapolation technique
has been successfully implemented for a PNS
solver, Its advantages are shown both in the
computer run time and accuracy.  This
application of Richardson Extrapolation can be
extended to any other marching flow solver,
such as time-dependent Navier-Stokes solver,
the only restriction is the flow cannot have
strong shock wave.

Th. VISPER code has shown to be a
viable tool for studying supersonic nozzle
flows, especially those with thick viscous
layers. Excellent agreement with experimental
data were obtained for supersonic combustion
and nozzle flows. With respect to ihe
interaction of core flow/boundary laysr, the
classical decoupled approach seems to be valid
to nozzle flows with a Reynold's number (based
on throat radius) about 10,000 (test case 2).
However, the VISPER code provides a better
altemative to the decoupled apgroach. Not only
are the results more accurate, but the computer
execution time is much less, especially if a
second order correction is performed on the
corc flow/boundary layer calculations by
adjusting the body by the displacement
thickness.
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PNS SOLUTION OF NON-EQUILIBRIUM
REACTING FLOW IN ROCKET NOzzLgs

* *
A. L. Dang , H, Kehtarnavaz *, and D, E, Concs'
Software and Engineering Associates, Inc.
Carson City, Nevada

ABSTRACT

A Parabolfzed Navier-Stokes Code (PNS) which calculates the internal flow of turbulent
and non-cquilidbrium reacting goses has been developed. A second order method with automatic
step size control, based on the Beam-Warming scheme and Richardson extrapolation technigque,
Is usctt to solve the flowflald equations, The results from thls code are compored sgainst
the existlng JANNAF performance prediction mcthodology calculations. The resulus indicate
very good agrecmen: and reveals the advantages of the Richardson extrapolation technique,
both {n terms of accuracy and computer executlon time, Two turbulence models, mixing length
and kK ~ ¢, ave used to resolve the wall shear layer.

INTRODUCTION

Paraholfized Navier-Stokes (PNS) equations gr5 @ subset of the Navier-Stokes (NS)
cquations which are valid for supersonic flows '", The PNS equations neglect the streamwisc
diffuston term which, along with speclal treatment of the subsonic region of the boundary
layer, removes the spatial ellipticity from the steady form of the equations and permits a
solution using a streanwise marching computational technique. Although the PNS modelsguarn
developad In the early 1960‘s, thoy were not widely used until the 1970's and 1980's

As the interest in understandlng of high speed flows and performmance of propulsive
nozzles increascs, there {s necd for development of more precise compufeclonal techniques.
it has bean shown that the adequacy of the standord JANNAF methodology = 1is questionabie for
high expansion ratio nozzlas. The current procedure consists of uncoupling the inviscid
{lov and viscous layer which loses valfdicy whern there {s extensive interactions between the
viscous layer and the core flow,

The PNS cquatlions are integrated throughout the viscous and inviscid reglons of the
{law, This procedure eliminates the need to specify the edge condftions in matching
houndary layer and fnviscid solutions, i.e. the conventional invis.ld.viscous {nteraction.
Furtherwore, the PNS equations ave obfflned by lmplicit mothfgs. Notable slgoritlms of this
type are those by Briley and HcDonald™ " and Deam and Warming™ ™,

GOVERNING EQUATIONS

For body fitted coordinates (£,n), with £ = £(x,r) and n = n(x,r), the PNS
cquations for axisymmetric flow In conservation form are:

) EE+EF ] w (E+E ) + n (F+F ) G
- (r -5----5--) 4 == (r X M r M IR ) (1)
A 3 3 J J '
vhere
E = (pu, su’+ uv, pHu r ® o« y(-u - -y
(su, pul+p, puv, pHu) - "(3 "nx 3 .,"r)
E = (0, v , ¢ , ur +vr 41‘)
v XX xXr XX Xr r = ufung +Vviy)
Xy nr "X
r = (pV, suv, pul+p, Hv) 4 2
F = (0 r Ur 4vr + 4 - - -y - =y
v O r e "o ke Vet rr My 3 q"x)
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G = (0, 0, ~p, ~ur -vr m - o= h
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For planar flow, simply remove r and G from equation (1), In the sbove equations, the
viscosity, p, represents the effectlve viscosity, L.e., for laminar flow, u {2 the
laminar viscosity, while for turbulent flow, u is the sum of the lamirar and turbulent
viscosity. Similarly, for turbulent flow, the effective thermal conductivity is represented

by

» PL FT

- g wewes § mme,

r
pr prL P T
The thermodynamic properties are related to the species mass fractions, cf. 88 follows:

h = » T -
tcihl('l') cp Ecicpi() RC. :CIRGL(T)

The specles continulty equations (unity Lewis number) for axisymmetric flow {n transformed
cootdinates ave:

ac dc 3 B 8c d p 3cC lp 2

e s T o o S .oio@
——— SO SO oo ——— @ b = o vemo
3 an an pran x'"x  8pr o 'k 1 rpr 8 ¥ |

For planar flow, simply remove the % tern in equation (2). In equation (2),

u - uex + ver v o-un + vnr . W= specles production ternms.

The following normalization {s ixplemented

x = /e v o= V/u, P = p/pnd
ro-r/ux T =T B = Bftip u
u = ufu LA AN 2 4

h = b/ Ui - Uit*/pr “t '

and consequently equations (1) and (2) remain exactly the same.

FINITE DIFFERENCE EQUATIONS

The numerfcal scheme used for equation (1) s the Bean-warnlnglz method, while the
scheme used for equtlgn (2) is the impliclt Culer. Treatment of departure solution i3 done
using the Vigneron™ '"" technique. The flux vectors are linearized according to the

Geometrlc Conservation Law

Thus, equatfon (1) {s rewritten as:

a ~ a A a ~ A
- -— = 4 Gm O (3)
by (E) + “(P) + P (F)

- €KE + ErF - "
whers E = r -Seczeece - P P~ x(0, £ (L-w)p, € _(l-w)p, O)
X r
o "x(E+Ev) + "r(F+Fv) ¢
F oo svasacnes joteeeete G j

In the Beam-Warming scheme, the flux vectors E, F, G need to be linearized about the
ptosent station. Each of the flux vectors can be represented as of the sum of terms of the
form fW, where £ {s a grid related quantity such as £ x/J, n r/J or 1/J, and W iz a flux
vactor, such as E, F, or G. Denote by j the index fof n, and { the index for €. Then,

C-15




{+1
J

- ton] = a0t el 4 gt )

A(fW) = (fW) ) 3 h

Using Taylor's expansicn to firat order:

SN S e L M . L S
A"j - "J . uj 3 AQJ + éQn AQn.j 3 AQJ + aQn I (AQ)J (5)
wvhere
- .99
Q - (s, u, v, h) Q, = 5,

When 1inearization of the form (4) and (5) are a}plted to equation (3), a tridisgonal block
structure results which can be solved efficlently for the {ncrement,

{+1 i
AQJ - QJ M QJ .

Once a solution for the fluid dynamic equations (1) is obtained at the forward station,
the specles continuity equations can be solved at the same station, using the impliclit Euler
scheme.

BOUNDARY CONDITIONS

At the solid wall, the following boundary conditlons are implemented:
Uw=o vaeo dp/&n = 0, (dh/dn = 0 or T = 1;).

At the centerline, symmetric conditions are implemented:

u P h
0wl !

- - ------'v-ol

n an an

where n is the normal vector to the wall and/or axis.
TURBULENT MODELS
16,17

Hixing length™ " '"" and k~¢ modelsls'lq fou the effective viscosity have been
incorporated fato the PNS code. An extensive discussion about tho k~¢ model can be found
In Ref. [20]. The method used to obtain the starting conditfons for the k~¢ model were
hased on the philosophy that the starting solution must at laast zatisfy the approximate
roverning equations for k and ¢. To obtain profiles for k and ¢ a local similarity
solution of the mean-flow §?vetnlng equations was cobtained using the mixing length model at
the starting marching step

This solution included spproximate profiles for the eddy viscosity and the Reynolds
shear stresses. The {nitfal profiles for k and ¢ could then be evaluated.

Sowe uncertainty regarding the nature of turbulence flow when the local Reynolds number
1s low still exists. For example, the no-slip boundary condition for flow over a solid
surface ensures that viscous effects will be dominant in the immigiace vicinity of the
surface, leading to low local Reynolds numbers, Jones & Launder ° extended the k~¢ model
to the wall reglon without using & near wall analysis. ilowever, thelr model has not yet
hoasn thorauahle varifiag

roughly verifie .

Patankar and Spaldlng22 have appli{ed the k-¢ model, incorporating a Cyyette flow
“"szfg‘ for the nesr wall reglon and using a modified van Driest formula®~. Arora, et
al®"'"" have compared soverul sets of experimental data, including planar snd axisymmecric,
incomprassible and compressible, laminar and turbulent, reacting and non-reacting and both
subsonic and supersonlc flows 6 Thelr resulets {ndicate that the modified van Driest formula
sugpested by Cobeci and Chang”~ s sultable for s wide range of boundary layer flows. The
game methodolegy has bsen used {n this work.
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ARTIFICIAL DISSIPATION

In all the test cases presented in this paper, no arcificial damping {s used. Qlthough
the usual 4th order axplicle and 2ud order implicit smoothing tarms for PNS solvers® have

been included into the code, {t has been found that activating either of them L{s detrimental
to the accuracy of the code, For test case 2 for example, using just 10V of the rscommended
ammunt for the expliclt smoothing causes the 1__ to vise by 1%, which {s not acceptable.
Ihis face is aspecially noteworthy since the 4ER order smoothing term does not affect the
formal accuracy of a lowver order mecthod.

STEP CONTROL

An elaborate step control procedure has besg developed for the PNS solver, This method
Is based on Richardson extrapolation technique™  which has been usged successfully in
numerical solutlons of ordinary differential equations and other pumerical calculations. 1In
nrder to make use of the Richavdson extrapolation technique for the present appllcation, the
PNS Is casted in a strictly marching procedure. At each marching step from £ to £ +
a¢, the solutions at € + A€ are obtained two ways. The first way takes a step of size
a¢ from £ to to £ + A6, The second way takes 2 steps of size A£/2 from £ to £
' 4£/2 and then to £ + 4¢. The results at £ + 4 obtained with one step and 2
steps arc then compared to determine the local error, which in turn decides on the next step
size. The procedure works quite well for smooth flow situations, but requires more work for
flow with a strong shock.

GRID

A simple algebralc grid, based on transfinite incerpolactonaa, is used In all the cest
cases presented in this paper, A sample grid, for the SSME, is shown in Figure 1.0.

TRANSONIC SOLUTION

The initfal scart line for the 555 is obtained by taking the transonic analysis from the
Two-Dimensional Kinezics Code (TDK)"® and attuching a boundary layer next to the wall. This

approach {s jusciflable fn view of the very thin boundary layer at the throat. One other
advantage {n using a TDK based transenic solution is that a direct comparison with TDK/BLM
(TDK/Boundary Layer Module) and/or TDK/MABL (TDK/Mass Addition Boundary Layer) codes can be
made.
RESULTS AND DISCUSSION
Four test cases were selected to verify the code. The test cases are:

1. Burrows & Kurlov27 supersonic combustion to verify the combustion and mixing models in
the code,

2. SBS-1A spacecraft engine,
3. XLR-134 engine,
4. SSME (Space Shuttle Main Engine),

The specifications of these three engines are given in Table 1,

Test Case 1: Burrows & Kurlov Supersonic Combustion

This test case was employed to verlfy the validity of the turbulence mcdels within the
PHS code. Figure 1.1 {s the schematic of the test case and Figure 1.2 compares the
experimental data for the mass fraction of H,0 with what is predicted by the PNS code using
mixing length and k~¢ turbulence models. From these results it can be concluded that both
turbulent models yield fairly satisfactory results for supersonic combustion.

Test Case 2: SBS-1A Spaceacraft Engine

A llughes Alrcraft Corporation (IIAC) small thruster, HE-54, was used to validate the
thooretical pecformance prediction of the PNS code. This engine was selected for our study
for the following ressons. Firse, expetimenrgl data are readily avellable, as the engine
had been . :udied extensively by Kushida et al”". Thc second reason {s the flowfield through
the nozzle is complaotely lgTinar from the throat on, resulting in a very thick boundary
layor. The previcus study”  was done using the the olassical inviscid-boundary layer
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approach. The present study, using the PNS code, should be able to address the adequacy of
the latter approach,

This engine is a small station keeper engine using decomposed hydrazine as
propellant, Hence, all of the PNS calculations are performed using 3 species, NH), N2, and
12, and frozen chemistry. The chamber operating conditions are as described in Reference
J1. and ave repeated here as Table 2. Six chamber pressures ranging from 25 psl to 132 psi
wire considered. Performance predictions, in terms of the thrust coefficlent, were obtained
for all six cases, MHowever, the flowfield resulcs are only discussed for the two extreme
cases, namely the P = 25 psi, and P_ = 132 psi. For the first case, with P« 25, Figures .
2.1 and 2.2 show theé pressure and Mach number contour line. The thickness of the boundary
layer, especlally the sonlc line, (H=1) can be seen from Figure 2.2. Both Figures 2.1 and
2.2 show very clearly a compression wave coming from the attachrent point in the nozzle
contour and reflecting off the centerline. The magnitude of the compression wave can be
scen from Flgure 2.3, which shows that the pressure along the centerline Increased
significantly. It s interesting to note that this nozzle was designed as a boundary layer
vompensated Rao nozzle, In fact by SEA, Inc. for Huphes Alrcraft Corporation,

The fact that a shock wave is still in the nozzle shows that this classical design
method may not be applicable to flow sltuations having such a thick boundary layer. Figures
2.4 and 2.5 show the pressure and Hach number contours for the P_ « 132 case. The boundary
layer ts still very thick, although not as much as the Pc w 25 cése.

For the performance prediction, the thrust coefficient, C,, defined as total thrust
divided by the product of the chamber pressure and the throat area, qye obtained from the 6
casces using the PNS code and then compared to the results of Kushida™ et al. In Reference
31, the experimental data3!ere compared against the theoretical prediction of the JANNAF
nethodology using TDR/BLM™“. 1In Flgure 2.6 che results of Kushida are compared against the
present theoretlical performance predictions. 1t can be seen in Figure 2.6 that the TDK/BLM
results compare surprisingly well with the experimental data, considering how thick the
boundary layers are, especially in the low chamber pressure vange. The PNS results,
however, ate in excellent agreement with the data., Both codes, TDK/BLM and PNS, show
excellent agreement at the highest chamber pressure, which correlates well with the thinner
houndary layer.

Test Case 3: XLR-134 Nozzle

The Acrojet XLR-134 {s a low thrust cryogenic engine being developed for the AFAL (Alr
Farce Astronautic Laborotory). 1t is intended to provide }gu2§htusc propulsion for the
delivery of large space structures to geosynchronous orbit™ '"". The chamber has an exit
arvca ratlo of 7.7. The injector uses a conventional coaxial element In which the gaseous
fucl flows in an anulus avound the liquid oxldizer. The injector faceplate is a 5 fck
copper section to provide adequate coolfng and is integral with the injector body” . One of
the major considerations in nozzle design was to minimize the amount of heat transfer from
the engine to the veh! le. For this reason, regenerative cooling to the exit of the nozzle
was required, It should be noted that the laminar-turbulent transitions based on Re
(Roynold's number based on the momentum thickness) reveals that for the given opernting
conditions, the flow stays laminar till about one inch before the throat. As yet, engine
firing data is not avallable for this engine.

The calculations for this englne are performed with six (6) species (H, Hz, H,0, O, OH,
0,) and elght (8) reaction rates. Flgure 3.1 compares the pressure along the wnlg
cilculated by the PNS coue, against the TDK/MABL code. 1t can be seen that ¥NS predicts
ahout 0,126\ more loss than the TDK/MABL code. 1In this nozzle the boundary layer thickness,

(6.99S/r)ex1c. is about 0.2, which can be considered a fairly thick shear layer.
Computer Code Is?, 1bf/1bm-sec .
Crokmat wsras
PNS 456,87
This thickness implics that the viscous effects can extend beyond that of classical ’

houndary layer predictions. Furthermore, the standard methodology, !.e., boundary
layer/inviscid flow interaction, can cverpredict the specific impulse because, in general,
thay neglect part of the viscous effects in the nozzle. Figure 3 Z compares the wall shear
betwoen the two codes. The pressure and Hach number plots depicted in Figures 3.3 and 3.4
revenls that the shock orfginating from the attachment point develops to the sxis and then
reflects,




Test Case 4: Space Shutcle Hain Engine (SSHE)

The Space Shuttle Haln Engine {SSHME), which is a flight engine, utilizes a thrust
chamber that |s constructed in two §6c5gons: 1) a Hain Combustion Chambor (MCC) assembly;
and 2) an expanslion nozzle assenmbly™ ' The nozzle assembly is bolted to the MCC at a
nozzle attach [lange. The expansion ratfo at the attachment position {s 5:1, The nozzle
expansion asscnmhly extends to an expansion ratio of 77.5:1.

The SSME uses a hydrogen expander cycle with oxygen preheating and a nozzle that is
vegeneratively cooled with hydrogen., HNozzle geometry and operating cond{tions for the SSHE
current design nozzle (109% power level) were obtained from NASA/MSFC.

The laminar-turbulent transitlion based on Re, indicates that the flow {n the chamber and
nozzle {s completely turbulent. The boundary layer is very thin in this nozzle,
(¥.995/r) =0.04, and the conventional inviscid-viscous interaction yields good results
for the pg¥l§rmnnce calculations. The PNS calculations for the SSHME were done with six (6)
species (H, H2, nzo. 0, o, 02) and elght (8) reaction rates,

Figures 4.1 and 4.2 compare the pressure and total wall shear along the nozzle wall
hetween the TOK/MABL and PNS. From Figurc 4.2 {t can be seen that PNS predicts more los. s
(higher shear at the wall),

Computer Code Isp 1bf/lbm.scc.
TDK/MABL 455.96
PNS 451.03

The dlfsgrence in IS ‘s {s due to the fact that the chemistry In this engine {s in
equilibrium™ and the regulclng equations become stiff. The present version of the PNS code
does not properly account for this effect, The code wiil be modified to handle these severe
condftions, Figures 4.3 ar. 4.4 show the calculated pressure and Mach Humber contours, The
compression wave originating from the attachment point can be clearly seen,

CONCLUDING REMARKS

The results obtalned In this paper, alchough still preliminary, are very encouraging.
1he PHS code has shown to he a viable tool for performance prediction over a wide range of
conditions for a varfety of rocket engines. The results are especially good for flows with
thick houndary layers. Some problems still remaln to be Investigated and resolved,

Fov example, the 1t underprediction of the SSME, and for nozzles with strong shocks, For
the latter, an upwind scheme may be required.

ACKNOWLFEDGMENT
This work was supported by the Alr Force Astronautics Laboratory (AFAL) under Contract

Ho. FO4611.86.C-0055. The authors wish to thank Dr. Phil Kessel, Mrs. Elizabeth Slimak, and
¥r. Jay levine of the AFAL,

REFERENCES

! Tannchill, J. C., Venkatapathy, E., and Rakich, J. V., "Numerical Solutfon of Supersonic
Viscous Flow Over Blunt Delta Wings," AIAA Journal, Vol, 20, 1982, pp. 203-210,

2 Kaul, V. K., and Chaussee, D. S., "AFWAL Parabolized Navier-Stoxes Code: 1983 AFWAL/NASA
Herged Baseline Versions,* US Alr Force Wright Acronautical Lab., AFWAL-TR-83.3118, 1983,

3 Ferri, A., "Review of Problems in Application of Supersonic Combustion," Journal of thc
Royal Aeronautical Society, Vol. 68, Sept. 1964, pp. 575-597.

4 Moretti{, G. "Analysis of Two-Dimansional Problems of Supersonic Combustion Controllad by
Mixing,” AJAA Journal, Vol. 3, Feb. 1965, pp. 223.229,

3 Edelman, R.: and Wellersteln, G., "A Solution of the Inviscid-Viscid Equations with
Applications to Bounded and Unbounded Multicomponent Reacting Flows," AIAA Paper 69-83,
Jan. 1969.

6

Fercl, A., "Hixing Controlled Supersonic Combustion,” Annual Review of Fluid Mechanics,
Vol, 5, Annual Reviews Inc., Palo Alto, CA, 1973, pp. 301-338.




10

1

12

14

15

16

17

18

19

20

21

23

2

25

26

27

Buggeln, R. C., HcDonald, H., and Luvy, K., "Dsvelopment of a Three-Dimsnslonal
Supsrsonic Inlet Flow Analysis,” NASA Contractor Report 3218, Jan., 1980,

Chitsomborn, T., Kumex, A., and Tirvari, S. N,, "Numeric ( Study of Finite-Rate
Supersonic Combustion Using Parabolized Equations,” AIAA Paper No. 87.0088, Jan. 1987.

Sinha, N., and Dash, S, M., "Parabol{zed Navier-Stokes Analysis of Ducted Turbulent
Hixing Problems with Finlte-Rate Chemistry,” ATAA Paper No. 86-0004, Jan. 1¢ 3,

Kehtarnavaz, H., Coats, D. E., snd Kronzon, Y., "Thick Boundary Layer Assessment for
Hozzle Flow," AIAA Paper No. 88-3160,

Briley, W. R., and McDonald, M., "Solution to the Hulti-Dimensional Compressible
Havier-Stokes Equations by a Generalized Implicit Method,” Journal of Computational
Physice, Vol. 24, August 1977, pp. 372-397.

Beam, R., and Warming, R. F., "An Implicit Factored Scheme for the Compressible
Havier-Stokes Equations," AIAA Journal, Vol. 16, April 1978, pp. 393-402.

Vigneron, Y. C., Rakich, J. V., and Tannchill, J. C., "Calculation of Supersonic Viscous
Flow Qver Delta Wings with Sharp Subsonic Leading Edges, AIAA Paper 78-1137, Seattle, WA,
1978,

Vigneron, Y. C., Rakich, J. V,, and Tannehill, J. C., "Calculation of Supersonic Viscous
Flow Over Delta Wings with Sharp Subsonic Leading Edges, NASA TH-78500, 1978.

Thorzas, P. V., and Lombard, C. K., "The Geometric Conservation Law - A Link Between
Finite Difference and Finlte-Volume Methods of Flow Computation on Moving Grids,® ATAA
Paper 78-1208, 1978.

Cebeef, T., "Calculacion of Compressible Turbulent Boundary Layers with Heat and Hass
Transfer®, AIAA J., Vol. 9, Nc, 6, pp 1091-1097, June 1971,

Cebecl, T., "Eddy-Viscosity Distributfon in Thick Axisymmetric Turbulent Boundary
Layers", J. of Fluld Engineering, Transactions of ASME, pp. 319-326, June 197},

Jones, W. P., and Launder, B. E., "The Prediction of Laminarization with a Two-Equation
Hodel of Turbulence”, Int. J. Hoat Mass Transfer, Vol. 15, pp. 301-314, 1972,

Joners W. P., and Launder, B. E., "The Calculation of Low Reynolds Number Phenomena with
a Two-Equation Model of Turbulence" Int. J. Heat Mass Transfer, Vol. 16, p. 1119-1130,
1973.

Danberg, J. E., Van Gulick, P., and Kim J., Turbulence Modeling for Steady
Three-Dimensional Supersonic Flows, Avmy Ballistic Research Laboratory, Maryland,
Contract Report BRL-CR-553,

Shirazl, S. A., and Truman, C. R., "Prediction of Turbulenc Source Flow Bstween
Corotating Disks with an Anisotropic Two-Equation Turbulence Model”, ASME paper No.
87-G1-73, 8 pgs, 1987,

Pacankar, S. V., and Spalding, D. B., Heat and Mass Transfer in Boundary Layers,
Inter-Lext Books, London, 1970.

van Driest, E. R., "On Turbulent Flow Near a Wall"”, Journal of the Aeronautical Sciences,
Vol, 23, 1956, p. 1007.

Arora, R., Kuo, K. K., and Razdan, M. K., "Turbulent Boundary Layer Flow Computstions
vith Special Emphasis on the Near-Wall Region", AIAA paper No. 81-1001, also proceeding
of the AIAA Computational Fluid Dynamics Conference, June 1981, pp. 295-305.

Arvora, R., Kuo, K. K., and Razdan, M. K,, "Near Wnll Treatment for Turbulent Boundary
Layer Computations®, AIAA J. Vol. 20, No. 11, pp. 1481-1483, Nov. 1982,

Cebeci, T., and Chang, K, C., "Calculation of Incompressible Rough-Wall Boundary-Layer
Flows®, AIAA Journal, Vol. 16, No. 7, July 1978, pp. 730-735.

Burrows, M. C., and Kurlov, A, P., "Analytical and Experimental Study of Supersonic
Combustion of Hydrozen In a Vitiated Alrstream”, NASA Lewis Rasearch Center Report NO.
N73.31828,




2 Nlckerson, G. R., and Dang, L. D., "Two-Dimensional Kinetics Computer Program for Orbit
Transfer Vehicles®, 22nd JANNAF Combustion Meeting, Pasadona, CA, October 7-10, 1985.

29 Schnelder, B. E.. Michel, R. W., and Gibb, J. A., "Low Thrust Cryogenic Engine
Technology®, Al.A-87-1932, 2)rd Joint Propulsion Zonference, San Diego, CA, June 19 -
July 2, 1987,

0 Prezekwas, A. J., and Gross, K., "SSHME Thrust Chamber Hodeling with Navier-.Stokes

‘ Equations®, AIAA paper No. 86-1517, 1986,

i Kushida, R. O., Hermel, J., Apfel, $., and Zydowlcz, M., "Performance of High Avrea Ratio
Nozzles for a Small Rocket Thruster", AIAA paper No, 86-1573, 1986.

* 2 Kehtarnavaz, W., Coats, D. E., Nickerson, G. R., and Dang, A. L., "Two-Dimensionsl
Kinetics (TDK) Nozzle Performance Computer Program-Thick Boundary Layer Version®,
Software and Englneering Associates, Inc., March 1987, prepared for the AFAL under
Contract No. F04611-86-C-0055, Report No. AFAL-7R-87-031.

33 pahlquist, G., and Bjorck, A., Numerical Metbods, Prentice Hall, NJ, 1974.

4

3 Thompson, J. F., Warri, Z. U. A., and Wayne Mastine, C., Numerical Grid Generation, North
Holland, NY, 1985,

3 Nickerson, G. R., and Dang, A, L., "Performance Predictions for an SSME Configuretion
with an Eniarged Throat,” Report prepared for MSFC, SEA, Inc. Contract No. HAS8-35931,
November, 1985.

36 Dang, A. L., Kehtarnavaz, H., and Nickerson, G. R., "Solution of the Boundary Layer
Equations with Non:Equilibrium Reacting Chemistry in Rocket Nozzles,* <EA, Inc. presented
at 25th JANNAF Combustion Meeting, Huntaville, AL, October, 1988,

Table 1: Specifications of the Engines
CHAMBER  THROAT REYNOLD’S EXPANSION

ENGINE APPLICATION PROPELLANT THRUST PRESSURE RADIUS, R* NUMBER RATIO

........................................... (o) | fpsta) Unehes) R,

SeS-1A (lughes Spacecraft NN, 5.45 106 0925 3.90 x 10° 300:1

Spacecraft Englne)

XLR-136 otv Lox/ch, 511 510 .396 1,80 x 10° 761:1

SSHE (Space SSTO LDX/CH2 463,000 3285 5.1527 1.18 x 107 77.5:1

Shuttle

Haln Engine)

o
o
¥ o
o
< - 9
o -
~ -~
P
o
LY e
%00 4.00 8.00 12.00 16.00  20.00 24.00
zZ/RY

7igure 1.0. Physical Orids,




Table 2.

Propeilant: dacomposed hydrazine
Kotzle throat diametert 0,185 in, -5
Therasl expanslon coafficlent {L605): 9.4 by 107° {n./tn. °F

Chamber Operating Conditions

31

Chanber Svoply  Char.  Casber  Mus feaction Throat  Tewp Threst "‘""lﬁl&!.imﬂ.ll!ﬂr Throst  Mss
Prasturs  Pristure Yeloctity  Tesp, Kol Wt Awmonls Wi} Ad), Displacerant Momentun “Tage LY epe  Velocity flov
" " . Te - Olesoc,  Temp, Throst Thlchaess TMctaess Coelr, Fy
N i s o X K| diu [y 0 &y 1h/sec
[ LY {a. in,
4} ] Qs 1700 1L 0.900 i8S L0938 001030 285004 1218 42.0 31029 99868 00828
3 (%] 4030 ms i 0.376 N0 L0185 8.5981% A4 1382 S0.8 15017 99567 Lo0nasd
¢ 108 4100 160 1.8 0810 1743 Lo 60714 1IN 3600 S48 2118 99%64 onw
" 1 “e 1988 .2 0,718 1852 080 S.244-¢ A4 1001 87 nNnE e o188
104 %0 e 030 12,90 0.668 & O 0L 19300 1948 95,8 20052 99862 02182
m 0 928 010 1.6 0,648 1908 007 LN S A12-4 21006 100.3 4S9l L99%83 01822
FRACTION DISSOCIATIONS
NaHy = (4/3)(1-X) Wiy ¢ ((102X)/3) ¥y + 2X Hy
nhroter L TNCARe10 = 0.0007¢ g
%%%%%%%%%%%%%%%%%ﬁ%%%%T. & A
+
Y ° X
1 2 -\C\. o
&, ' s, Py 4 PA /A > ’
TN Y x
800000 5 =4 ‘\ Z
A
Nydrogen Jat rree Strean g \
© \
15 \ ¥
tach Nusdber, X 1.00 L4
o s VARN
smperature, T, X 154 1370 ¥ e A
Yeloeity, u, n/e 1216 1764 b / /fs’.o -
Prassurs, p, Kra 0 [ g A P2
Nass Practiont o ,7 %'
~ )
" 1,000 ° - e 8 40
2 ‘. \\
° 0.258 4‘ \ sl
.O: // \ /
. ° 0.488 Y Q)
» o = ¢
? 0.25¢ e a
*u.0 ° ' .00 t.00 400 #.00 .00 b .00
3 R/H

Figure 1.1.

Combustion Validation
Test Case Parameters,

R/R*
8.00

Flgure 1.2.

i

Burrows & Kurlov

Supersonic Combustion

Test Case.
k-¢

--~ mixing length

model
e experiment,
Ref. (27)

@
o
-
1=4
(=4
i=d

200000C00C00

® 1 e e 0 e s e

QOODAN=OO00000000Q0!

COOOOOOOMNInN s OO O
OO0O00OOOTHONMANOI®EN

« 00000000

31,00 19.00

00

40.00
1/Rw

figure 2.1.
Spacecraft Englne.

moyn
¢

-

$6.00

Pressure Contour for Poe25 for the RN3-JA

€4.00

MY X LANNDOXE PG
PR PP T w o n st e o6 we
=000 000MOOO0O0O000

—

O o 00 0 o

w




MEKLNADIIX+H0
ROt

g
] 5 0
§ +200
e 78000
- g K e e e *
" *g W—“——f - 7.8000
g el T R . : 127.9000
P S < y — 26.0000
e o
. P Ve =l K
.00 #.00  18.00  26.00  3%.00 z;a.oo D00 sh.o0  ee.o0  E=B.4000
L

Pigure 2.2.
Spacecraft “ngine.

o

2

eue
=

te*

14

Normalized Pressure, P/p

Mach Number Contour for Pc=25 for the SRS-1A

3 A

o | 1 A
1o 0.0 10,0 0.4

Figure 2.3.

0.0 40.0 §.0 €00 70,0
22 U

Pressure on
Centerline Pc=25
for the S3S-1A
Spacecraft Engine.

Aﬂ/‘-‘-‘-‘-_’-—:

o= 0.0004
O 0.0006
+= 0.0008
%= 0.0010
3= 0.0012
$Z 0.00i4
*= 0.0018
%= 0.0018
Z:Z 0.0020
X= 0.0030
X= 0.0040
i
8] b= o.0100
ol 1 0:oz00
1 2 0.0400
, = 0.0600
4 0.0800
S 0.1000
. ol & 0.5000
3
< 2 ©
(=]
e
%.

8.00 16.00 24.00

Figure 2.4,

4 AT Vi

40.00 46.00 56.00 04.00

Z/Rx

$2.00

Pressure Contour for P¢=132 for tho SHS~1lA

Spacecraft Engine.

=23




©=1.0000
A=2.0000
+=3.0000
x=4.0000
©=5.0000
4£=5.5000
®%=6.0000
Z=6.5000
¥=2.0000
»=7.2000
%=7.4000
¥=7.6000
8 =7.8000
° 8.0000
-] 1=8.2000
2-8.4000
2:8.6000
£25.3000
k3. TS
Eg €:9.9000 - oSS
= Oﬁ g /
o f T d— o —
og1-— s : ﬂ{;y i “‘-*”" 8 T‘-\‘“\\,
Y00 6.00 16.00 24.00 92.00 40.09 48.00 $6.00 04.00
Z/R=
Figure 2.5. Mach Number Contour for Pc=132 for the 5BS-1A
Spacecraft Engine.
1.n
175 /%/‘-m't‘%-
b #
G 173
[
2
w
Q
Y
w N
o]
Q
[
1% ]
2
z 1.69 @) Experimental data -
wememeee PN, prediction
1.8} s e we TDK/BLY prediction __ __ |
1,65 ] ' l

70 80 110 130

10 30 50
CHAMBER PRESSURE, LBF/IN.2

Pigure 2.6. Comparison of Thrust Coefficlent for Experimental
and Predicted Data.

SENeE

150




PIPLCIANER)
a

a

x 992.84 XPa

T

{ 1 K1 i | 3 '] 1o 1 1 1 3 I} 3
“ ) » “ - [ L) D . » ) " " L]
. . t/te

Figure 3.1. Pressure along the Figure 3.2. Shear stress along
wall for turbulent the wall for turbulent
flow with chemistry flow with chemistry
in XLR-13Y4 nozzle. in XLR-134 nozzle.

o TDK/MABL o TDK/MABL :
0O PNS O PNS

2=4

LR IR N (N BT
(=]
v

Porir4
AOOMNACO0O0CAON0OCO0O

39.00

29.00

kwv:mu:x<~x»ox+ »G
2
0000000 Qm——~RWBOD

3
=2
2
. .00
Pigure 3.3. Pressure Contours for XLR-134 nozzle
turbulent flow with chemistry.
oz
as
_‘,:
Xz
oz
22
x=
Z:
§=
E
gl z=
3 b
1=
s =
s A
8
N o
o8
2 (26 N
.00 19.00 10,00 30.80  40.06 z/';%;” 00,00  10.60  ed.20 09.00 (9,

Pigure 3.4, Mach Number Contours for XLR-134 noxzle
turbulent flow with chemistry.




YY)

LI g 2 RS |

Y

L "

-+ “

Pigure 4.1.

(&) " -0 "o "o
P 72 1

Pressure along the
wall for turbulent
flow with chemistry
in SSME nozzle.

o TDK/MABL

O PNS

i
<
3
5 o b=
ey L
«© -
.
o~ 5
o
-3 L
X
'_3 (1 -
W L L L L L '
<4 L 2 ) [ Z ] .y (12 "4 ne

Figure 4.2.

o
& " oK
o d 1:’- s
d‘-. “
G
e 3
.00 4.00 6.00 12,00  10.00 20,00  24.00
Z/Rxn
Pigure 4.3, Pressure Contours for SSHME nozzle
turbulent flow with chemistry.
8
o
o
°
o
»
w
N
=
o
o
-l
ES
.00
Pigure 8.4, HMach Number Contours for SJME nozzle

turbulent flow with chemistry.

n=n%

1/8e

Shear stress along
the wall for turbulent
{low with chemistry
in SSME nozzle.

o TDK/#ABL

O PNS

©=240.0000
100.0000

o N QW N N U
. [=]=]
o .
(=] (o]
gassg
o
o

POR PR TN

X<LNXIPOX+ DO

N

e
gt n

td

I EEEEEEEEEEREE R

.« .

DTN UNNUNUUI I & 2 3 S WDWLDN N =~
uNoo-mANQmmaNooucmoma
o
(-]

PHRPVE




