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ABSTRACT

The calibration of the axisymmetrical Navier-Stokes

computational fluid dynamics (CFD) program PARC2D for pre

dicting steady state diffuser performance is presented.

The calibration effort used data from available literature

and was limited to an axisymmetrical diffuser system that

used single specie, single stream, nonreactive flow. The

calibration range included a convergent/divergent nozzle

with an exit area to throat area ratio of 9, a diffuser

with a diffuser area to nozzle throat area ratio of 36

with a diffuser length to diameter ratio of 4, and a dif

fuser with a diffuser area to nozzle throat area ratio of

16 with a diffuser length to diameter ratio of 12.

Calibration parameters selected for the study were dif

fuser pressure rise ratio and diffuser wall static pres

sure. The calibration effort was divided into three

parts. First, a parametric study was conducted to observe

the relative effects of various pertubations in the solu

tion technique on the calculated flow field. Variations

in the cell volume, the grid resolution in the diffuser,

the initial conditions used to start the solution, and the

turbulence mixing level were studied. Secondly, the

PARC2D program results were compared to data for the

selected diffuser configurations. Finally, a modification
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to the program which based the local intensity of turbu

lence in the flow on the local Mach number was made and

the results were compared to data.

The parametric study results demonstrated the effects

of variations in the solution technique, and provided

parameter sensitivity information that was used in the

remainder of the research. The cell volume study showed

that the computational cell volume could be reduced to

half of the actual test hardware volume with no adverse

effects. Reducing the cell volume to a minimum, however,

caused a lower cell pressure to be obtained. Increasing

the resolution of the grid in the diffuser by including

7,000 additional grid points did not provide any signifi

cant benefits, but increased the computer memory require

ments by 50 percent. The initial condition study

concluded that using a cell pressure in the initial

conditions lower than the expected result provided a

faster convergence rate than a higher cell pressure, and

that filling the diffuser with supersonic flow provided

approximately the same convergence rate as specifing that

there was not any flow at all in the diffuser. The turbu

lence mixing level study showed the effect of varying the

level of the turbulence viscosity on the solution. As the

level of turbulent viscosity was increased, the final

value of the calculated cell pressure was lowered.



In the actual calibration of the PARC2D program to

test data, the PARC2D program predicted diffuser pressure

rise ratio to within 5 percent of the test data for

started diffuser operation. The wall static pressures,

however, indicated that the PARC2D program overpredicted

the shock strength in the diffuser. For conditions where

the diffuser was unstarted and the nozzle flow was sepa

rated from the nozzle wall, the PARC2D cell pressure pre

dictions were approximately 30 to 60 percent higher than

the test data. The qualitative trend of the diffuser wall

static pressures was correct, but quantitatively the pres

sures were too high because of the incorrect cell pres

sure. For unstarted diffuser operation with the nozzle

flowing full, a stable solution was not obtained. The

calculated cell pressure varied in a cyclic nature about

the test data with a deviation of +30 percent. Because of

the large number of iterations required to complete the

convergence, final resolution of the predicted cell pres

sure was not possible.

The modification to the algebraic turbulence model was

promising in that the largest time step size that per

mitted a stable solution increased by a factor of five for

the cases considered. The modification did not, however,

provide the correct diffuser pressure rise ratio. For the

two cases operating with the diffuser in the started mode,
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the modified algebraic turbulence model resulted in a cell

pressure as much as 80 percent higher than the test data.

The diffuser wall static pressures showed that the shock

strength in the diffuser was overpredicted. The one

unstarted diffuser case considered did not reach a stable

solution and the cell pressure was as much as 60 percent

higher than the test data.
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1 INTRODUCTION

Diffusers, also coitraionly known as ejectors, jet pumps,

or ejector-diffusers, play an often unseen role in many

aspects of everyday life. Their ability to move large

quantities of vapor and/or gas at low pressure with low

cost and a minimum of moving parts has made the diffuser a

favorite of the chemical industry for many years [1-2].^

The aerospace industry has used diffusers to augment the

net thrust of propulsion devices and to enhance the air

craft lift-drag characteristics by careful placement of a

diffuser downstream of the engine exhaust outlet [3-4].

Closer to home, for households depending on a well as a

source for water, the jet pump is a common method of

transferring the water from the well to the house at a

usable level of pressure and flow rate [5].

Diffusers are also commonly used in the ground testing

of turbine engines and rocket motors. The Engine Test

Facility (ETF) at the Arnold Engineering Development Cen

ter (AEDC) routinely tests a wide variety of propulsion

systems at simulated altitude conditions. A sketch of a

typical turbine engine test installation is shown in Fig

ure 1 (the figures are presented in Appendix A). A typi

cal rocket motor installation is sketched in Figure 2. By

capturing the exhaust products from a propulsion system

1 Numbers in brackets refer to similarly numbered refer
ences in the bibliography.



and converting the flow's kinetic energy to pressure rise,

the diffuser either directly produces the simulated alti

tude pressure in the test cell or enhances the performance

capabilities of an exhaust plant. The pressure rise

provided by the diffuser is a direct function of the

kinetic energy of the driving fluid stream and the amount

of secondary flow captured from the test cell [6].

Testing of propulsion systems in ground test facili

ties is becoming more stringent, both in terms of test

simulation requirements and in controlling cost. Proper

sizing of the diffuser system to match the operating char

acteristics of the test article is vitally important [6].

In many cases, testing requirements dictate that a

diffuser system be used that can increase the maximum

altitude pressure simulation capabilities of the facility.

The destructive nature of many tests also place a high

level of importance on the proper sizing of the diffuser

system. For example, a solid rocket motor test can not be

repeated since the motor can be fired only once.

The physical nature of the flow in a diffuser can be

extremely complex and a purely theoretical description of

the flow was generally not feasible 20 years ago [6].

Several one dimensional, semiempirical methods have been

developed for designing diffusers for various applications



[7-9]. Because of the simplifying assumptions needed to

keep the analysis one dimensional, however, the designer

does not know quantitatively important aspects of the flow

in the diffuser (such as heat transfer rates and wall

pressure loadings) that will permit the proper design of

all aspects of the diffuser system. In recent years. Com

putational Fluid Dynamics (CFD) has shown promise in pro

viding the diffuser designer with an analysis tool which

will permit a detailed knowledge of the diffuser

operation, helping to ensure that the diffuser is properly

sized to match the given test requirements. As with any

analysis tool, however, the level of accuracy of the com

putational methodologies must be known before the tool can

be intelligently applied.

To address this issue, a calibration effort of the

axisymmetrical version of the CFD program PARC2D for dif

fuser systems similar to those found in turbine engine and

rocket motor testing has been accomplished. The influence

of such parameters as grid spacing, turbulence levels,

initial conditions, and boundary conditions has been stu

died. The results have been compared to data taken from

the available literature. This thesis is organized such

that diffuser operation is discussed in the following sec

tion. The test data used in the calibration effort is



considered in Section 1.2, and the PARC2D program is

briefly discussed in Section 1.3. A complete statement of

the problem is given in Section 1.4. In Chapter 2, a

review of the literature discussing CFD program calibra

tion and, in particular, examples of PARC2D calibration

are presented. The calibration of PARC2D to the diffuser

data is discussed in Chapter 3. Lastly, some conclusions

and recommendations for future work are discussed in Chap

ters 4 and 5, respectively.

1.1 BACKGROUND

Diffuser systems are distinguished by their simple

mechanical construction derived from a simple working

principle which consists of transferring momentum from a

high velocity jet of fluid (the primary fluid) to a volume

of fluid at rest (the secondary fluid) through a micro

scopic energy exchange driven by mixing. This mixing

causes some of the secondary fluid to become entrained

with the primary fluid, resulting in an increase in pres

sure and temperature. Pertinent parameters for diffuser

systems are shown in Figure 3. When discussing diffuser

performance, a thorough understanding of four ratios and

their significance is mandatory. Theses ratios are:



1. The driving pressure ratio, defined as the

total pressure of the motive fluid divided by

-  the diffuser exit pressure (Pt/Pex)•

2. The nozzle pressure ratio, defined as the total

pressure of the motive fluid divided by the

test cell pressure (Pt/Pcell)•

3. The diffuser rise ratio, defined as the dif

fuser exit pressure divided by the test cell

pressure (Pex/Pcell)•

4. The mass flow capture ratio, defined as the

mass flow rate of secondary fluid entrained

divided by the mass flow rate of the primary

fluid (rheeii/m).

Two typical methods of graphically presenting diffuser

performance are shown in Figure 4. In Figure 4a, the

reciprocal of the nozzle pressure ratio is plotted versus

the reciprocal of the driving pressure ratio; in Figure

4b, the reciprocal of the diffuser rise ratio is plotted

versus the driving pressure ratio [6,8]. It should be

readily apparent from the figure that the characteristic

curves can be produced by either varying the parameters

Pex* subsequent discussion, the primary fluid total

pressure is the variable and the diffuser exit pressure is

held constant.



Point A corresponds to the minimum driving pressure

ratio and both the nozzle and the diffuser are defined to

be "unstarted". The flow in the system at this operating

condition is illustrated in Figure 5 (1). In this condi

tion, the flow from the nozzle does not expand to the

nozzle or diffuser walls but forms a core in the diffuser

for some distance downstream of the nozzle. Some pumping

is provided by the jet due to entrainment of the secondary

fluid, but the diffuser rise ratio is only slightly

greater than unity.

For converging/diverging nozzles, as the driving pres

sure ratio is increased by increasing Ft, the diffuser

performance follows along the curve to Point B. At this

point, the nozzle pressure ratio is high enough to cause

the nozzle to flow full. The diffuser, however, still

remains unstarted, as shown in Figure 5 (2). In this

region, the test cell pressure decreases faster than P-^

increases, causing the slope of the curve to increase.

From Points B to C, the slope is nearly vertical, indicat

ing that for slight increases in primary total pressure,

test cell pressure decreases quite rapidly.

Point C is defined as the "started" condition and rep

resents the maximum diffuser rise ratio obtainable for a

given diffuser system. The supersonic flow from the nozzle

6



is expanded out to the diffuser wall, effectively decoup

ling the test cell pressure from the diffuser exit pres

sure. The flow field at the started condition is also

shown in Figure 5 (3). Any increases in Pt will not

decrease Pcell^ will in fact increase the cell pres

sure. Note the increase in the ordinate in Figure 4b as

the total pressure, P^, increases beyond Point C.

The effect of increasing secondary fluid entrainment

on the system is shown in Figure 6. As the ratio of

secondary fluid to primary fluid increases, the location

of Point C steadily rises, indicating that if a secondary

fluid flow source is present, a higher cell pressure will

be obtained than if there was no secondary fluid flow.

This aspect of diffuser performance will not be discussed

further herein, and the reader is referenced to [6] for

additional details on the subject.

1.2 CALIBRATION DATA

The data used for the calibration of the CFD program

were taken out of [8]. This National Aeronautics and

Space Administration (NASA) Technical Note discusses the

effects of various dimensions on the performance of a

small axisymmetrical diffuser system using high pressure

nitrogen as the primary fluid. The test apparatus is



sketched in Figure 7 (note that the convergent section of

the nozzle in the figure did not agree with the descrip

tion given in the text of [8]). The diffuser system con

sisted of a primary chamber, a primary

convergent/divergent nozzle, a cylindrical test cell, and

a diffuser tube.

The primary chamber was a 1.00 inch diameter tube

upstream of the nozzle throat that contained a flow

straightening screen. This section provided a uniform

flow profile to the nozzle. The total pressure of the

primary fluid was measured in this chamber.

The primary nozzle consisted of a thirty degree half-

angle convergent section, a 0.25 inch throat with a 0.5

inch contour radius, and a 15 degree half-angle divergent

section. The length of the nozzle from the throat to the

nozzle exit was 1 inch. The exit diameter was 0.75

inches. The area ratio of the nozzle was limited to 9 to

avoid condensation of the primary fluid in the nozzle.

The cell volume was 2 inches in diameter and had a

length of 1.25 inches. The cell volume was positioned

such that the front wall of the cell was in the same ver

tical plane as the nozzle throat. The back wall of the

cell was 0.25 inches downstream of the nozzle exit. Two
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static pressure probes were located on the walls of the

cell, one on the front wall and one on the top wall, to

record the volume pressure.

Four diffusers were provided for the study. The inside

tube diameters were 1.00, 1.25, 1.50, and 1.75 inches.

The tube lengths were initially 12 inches, with the tubes

being shortened to study the effects of the length to

diameter ratio (L/D). Each tube had thirty static pres

sure taps located symmetrically along the length of the

diffuser.

Selected data from [8] is presented in Figures 8, 9,

and 10. The measured inverse of the diffuser rise ratio,

Pcell/Pex' is plotted against Pt/Pex i" Figure 8a for dif

fuser diameters varying from 1.00 inch to 1.75 inches, and

the effect of L/D is plotted in Figure 8b for a constant

diffuser diameter of 1.5 inches. Wall static pressures at

various driving pressures for the 1.00 inch diameter dif

fuser with a L/D of 12 are shown in Figure 9. The wall

static pressures for the 1.5 inch diameter diffuser with a

L/D of 4 at various driving pressures are plotted in Fig

ure 10. These last two plots are presented in particular

because these data were used in the calibration of the

PARC2D program.



The uncertainty of the data is not discussed in the

reference. The method of obtaining the pressure measure

ments, however, is identified as mercury manometers. The

pressure recordings were photographed and then deduced

from the photographic negative. Although it is impossible

to definitively deduce the uncertainty of the data from

this information, it is expected that the uncertainty

should be approximately the same as other reported pres

sure measurements obtained by the mercury manometer method

during this time period. A review of several references

published in the middle to late 1950's [10-14] indicate

that the uncertainty of mercury manometer readings can

vary from as low as +0.01 inches of mercury to as high as

±0.1 inches of mercury. Given that 0.4893 psia is equal

to 1 inch of mercury, even at the high level of uncer

tainty this eguates to an uncertainty of only ±0.05 psia.

1.3 COMPUTATIONAL FLUID DYNAMICS PROGRAM

The CFD program chosen for the calibration process is

the PARC2D program. This program is based on a version of

the Pulliam-Steger program (the NASA Ames Research Center

"ARC" program) that was obtained by AEDC in 1985. The

program has been extensively modified to produce a robust,

general purpose Navier-Stokes flow solver. The program is

10



based upon a variant of the Beam and Warming implicit

approximate factorization algorithm applied to the com

pressible Navier-Stokes equations expressed in curvilinear

coordinates [15]. The mathematics of the PARC2D program

are discussed in Appendix B.

Previous reported applications of the PARC2D program

to diffuser problems has been somewhat limited. The use

of the program to qualitatively study the interaction of a

turbojet engine, test cell and diffuser at near sea-level

altitude conditions is discussed in [15], but no quantita

tive work has been performed to date. Validation of the

PARC2D program for several types of classical flow

problems was accomplished during 1988 [16], but the com

parison of PARC2D calculations to actual data for diffuser

flows has not previously been reported.

The results presented in this thesis were obtained by

exercising the PARC2D program on a Cray X MP/12 at the

AEDC Central Computer Facility. Average CPU requirements

for a typical case in this study were 6 minutes for every

1,000 iterations. The number of iterations required for

each case varied from 40,000 for the started diffuser

cases to 100,000 for the unstarted diffuser cases. Com

puter resource expenditures were approximately $2,800 for

each started diffuser case and $7,000 for each unstarted

11



diffuser case. The problems averaged 18,000 grid points

in the computational domain, requiring approximately one

megaword of memory. The use of nitrogen as the primary

fluid in [8] was accounted for in the PARC2D program by

using the proper values for the Sutherland viscosity law

temperature and the ratio of specific heats in the PARC

program input file.

1.4 STATEMENT OF PROBLEM

The calibration of the PARC2D program will be broken

into three sections. The first part will be a parametric

study of the relative influence of perturbations to the

solution technique on the calculated flow field. Varia

tions in the cell volume, the diffuser grid resolution,

the initial conditions used to start the solution, and the

level of turbulent mixing will be made and the results

discussed.

The second section will be the actual calibration of

the PARC2D program to data. The data, taken from [8],

will be for an axisymmetrical diffuser system employing a

nozzle with a nozzle exit to throat area ratio (Ag/At) of

9 and two diffusers; the first diffuser will provide a

diffuser area to throat area ratio (A^/At) of 36 with a

12



L/D of 4 (Diffuser 1), while the second diffuser will pro

vide an A^At of 16 and a L/D of 12 (Diffuser 2). Five

operating conditions will be considered.

The calibration process will first tune the PARC2D

results to match the diffuser rise ratio for the started

case with Diffuser 1 via the turbulence mixing coefficient

(see Appendix B). The remaining four cases will then be

analyzed with the program "as is", with the results being

compared to both the diffuser rise ratio and the wall

static pressures down the length of the diffuser. The

study will also consider a modification to the free bound

ary turbulence model that adjusts the strength of the tur

bulent mixing based on the local flow Mach number.

Results will be presented for three of the cases as above.

The results of these investigations are presented in Chap

ter 3.
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2 LITERATURE SURVEY

The calibration and validation of CFD programs has

been a very active research topic in the recent past. As

more and more dependence is placed on CFD calculations,

the sources of error in the computational algorithms must

be fully understood. It is of extreme importance that CFD

programs be tested by comparing them to appropriate

experiments to both ensure their validity and to define

their applicable range. Several examples of the calibra

tion of the PARC2D program exist in recent literature,

including such flow calculations as supersonic inlets,

axisymmetric and two-dimensional nozzles, diffusers, and

exhaust gas management systems. The following literature

survey is intended to acknowledge earlier calibration

efforts on the PARC2D program and the authors. It is not

intended to completely cover all of the available litera

ture relating to CFD program calibration.

The terminology used in the present discussion will be

based on the definitions for calibration and validation as

given in [17]. This work has received considerable atten

tion in the literature ([18] and [19], for example), and

was based on the work of a NASA ad hoc Committee on

Validation. The pertinent definitions are:

14



CFD program validation; Validation provides detailed

surface and flow field comparisons with experimental data.

The purpose of the comparison is to verify the program's

ability to correctly model the critical physics of the

flow. It is required that the accuracy and limitations of

both the experimental data and the program be thoroughly

known and understood over a range of specified parameters.

CFD program calibration: Calibration provides a com

parison of a program's ability to accurately predict cer

tain aspects of the flow field by comparing the program

output to experimental data obtained from geometries that

are similar to the one under consideration. It is impor

tant to ensure that only the parameters of interest are

acceptably predicted and not that all aspects of the flow

are correctly modeled.

As a general observation, the concept of a validated

PARC2D program is presently an unachievable goal. The

current state-of-the-art in many aspects of CFD dictates

that proper modeling of the critical flow physics can not

occur. The most obvious example of this is in the model

ing of turbulence. Although just one of many sources of

error in CFD [20], turbulence modeling as it currently

stands, with empirically based models, has a long way to

go before an accurate reproduction of the flow physics is
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obtained [21].

The first recorded example of the calibration of the

PARC2D program was provided by Huddleston, Cooper, and

Phares [22]. This effort used the PARC2D program to study

the effects of test cell exhaust gas recirculation on the

surface pressure distributions occurring on a high-bypass

turbofan engine. Two geometries were considered, the

first being a subscale test configuration and the second

being an actual turbine engine installation in an ETF test

cell. The subscale test case geometry is shown in Figure

11. The PARC2D calculations matched the test data to

within approximately +5 percent for both the center pipe

surface pressures and the cell wall pressures. The com-,

parison plots are shown in Figure 12 and 13. The subscale

case provided a calibration of the PARC2D program and

indicated that further effort was warranted. The actual

turbine engine test case had a geometry similar to that

shown in Figure 1. Measured and computed fan cowl surface

pressures are compared in Figure 14. Likewise, core plug

surface pressures are compared in Figure 15. Although the

computed values were within ±25 percent (with a few excep

tions) , the exact location of the predicted peak locations

were somewhat shifted from those recorded. The
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discrepancy was considered to be the result of both the

axial and normal spacing of the gridding, and further

investigation was recommended.

Another example of using the PARC2D program in a tur

bine engine testing environment was provided by Phares,

Cooper, Swafford, and Jones [15]. This reference

discusses several applications of the PARC2D program to

problems occurring in propulsion testing. Pertinent

applications included a study of test cell heating due to

diffuser and engine interaction, the prediction of dif-

fuser wall pressures in a variable area ejector, and the

prediction of base pressures for a centered propulsive

jet. The study of the test cell heating due to diffuser

and engine interaction was a qualitative comparison of

PARC2D calculations to experimentally obtained Thermovi-

sion camera pictures. The geometry of the hardware is

shown in Figure 16. For a given test cell pressure, the

PARC2D program was able to qualitatively predict the pres

ence of exhaust gas recirculation from the diffuser. The

geometry of the variable area ejector case is shown in

Figure 17. The results, which compared PARC2D calcula

tions to both test data and an integral analysis method

[23], are plotted in Figure 18. The PARC2D program

calculations matched diffuser wall static pressure to
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within +5 percent if the diffuser wall boundary condition

was defined as a constant specified temperature. If the

wall was treated as adiabatic, errors as large as 25 per

cent were generated. In addition, the centered propulsive

jet case was used to determine the capability of the

PARC2D program to determine base pressures. The geometry

of the case is shown in Figure 19. Comparison of the

PARC2D results to test data is shown in Figure 20. As

shown, the data compares reasonably well with the data,

with an error of approximately 10 percent.

Hunter and Kent [24] document the use of the PARC2D

program to analyze two hypersonic inlets at Mach 7.4. The

geometry for the two inlets, which were designated in [24]

as P-2 and P-12 inlets, is presented in Figure 21. Cali

bration of the PARC2D program was obtained by comparing

program output to centerbody static pressures and cowl

static pressures. These comparisons are shown in Figure

22. As shown, the PARC2D program predicted centerbody and

cowl static pressure distributions for the P-2 inlet to

within approximately 15 percent. Centerbody static pres

sure distributions for the P-12 inlet indicated a discrep

ancy between the program results and the data of as much

as 30 percent. No discussion was included in [24] as to

why the differences might have occurred. The cowl static
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pressure predictions were within 10 percent of the data.

The work performed by Semmes, Arbiter and Dyer [25] is

an excellent example of a calibration effort applied to

the PARC2D program. Three different configurations were

considered for the calibration effort, including a two-

dimensional hypersonic inlet (same data set generated by

the P-2 inlet in [24]), an axisymmetric

convergent-divergent nozzle, and an axisymmetric subsonic

diffuser. For the two-dimensional hypersonic inlet, a

considerably broader amount of data was considered in [25]

than was in [24]. For example, the boundary layer growth

along the centerbody and cowl predictions compared to data

are shown in Figure 23. The PARC2D boundary layer thick

ness predictions were as much as 50 percent larger than

the test data. The geometry for the axisymmetric

convergent-divergent nozzle is given in Figure 24. Sur

face static pressure along the top wall is shown in Figure

25. The PARC2D program predicted the wall static

pressures to within 10 percent both upstream and down

stream of the nozzle throat. In the throat region the

pressure predictions were off by as much as 50 percent.

The computational grid used for the subsonic diffuser case

is presented in Figure 26. As above, the surface static

pressure distribution is plotted in Figure 27. The errors
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in the PARC2D predictions were near 0 percent at the inlet

of the nozzle and increased to approximately 5 percent at

the exit of the diffuser.

The final selection that was reviewed was the work

reported by Cooper, Garrard, and Phares [16]. The docu

ment reported on work performed to validate the PARC2D

program for three fundamental flows typical of turbine

engine and rocket motor testing at the AEDC. Laminar and

turbulent flow over a flat plate was investigated, as was

a supersonic, axisymmetrical jet issuing from a Mach 2.22

nozzle into quiescent air and subsonic flow over a rear

ward facing step. The geometry applied in the flat plate

analysis is shown in Figure 28. Numerous comparisons to

data were made for both laminar and turbulent flow with

various inflow and outflow Reynold's numbers, various

boundary conditions treating the plate as either adiabatic

or specified temperature, various inflow Mach numbers, and

various grids. The discrepancies between the PARC2D cal

culations and the calibration data were limited to 5 to 10

percent, even for such parameters as skin friction and

Stanton number. The supersonic nozzle geometry is pres

ented in Figure 29. The test case was a Mach 2.22 flow

exhausting into quiescent air with no thermal gradient.

The near field results, shown in Figure 30, indicate that
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the PARC2D program matched the spread rate of the turbu

lent jet. Far field results, shown in Figure 31, however,

show that the PARC2D program underpredicted the spread

rate by approximately 40 percent at X/Rne = 140. The

geometry of the rearward facing step is presented in Fig

ure 32. The PARC2D program results are compared to data

in Figure 33. The PARC2D program predictions matched

velocity profiles to within +10 percent everywhere except

in the separated region just downstream of the step. In

the separated region the difference between the predic

tions and data were as high as 30 percent.
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3 CALIBRATION OP THE PARC2D PROGRAM

This section will detail the work performed to cali

brate the PARC2D program for predicting steady state dif-

fuser performance parameters. The work will be introduced

by a discussion of several general characteristics of the

approach taken for the effort. The results obtained dur

ing a parametric study will then be discussed. The com

parison of the PARC2D results to the calibration data will

then be made, and finally, the results obtained after a

modification to the algebraic turbulence model will be

discussed.

3.1 GENERAL

Several aspects of the calibration study have been

consistently applied throughout. Rather than duplicate

the presentation of these aspects in each section, they

will be discussed below. The parameters of interest

include gridding, boundary conditions, initial conditions,

and convergence criteria.

Since the calibration effort was limited to only two

axisymmetrical nozzle/diffuser configurations, it was nec

essary to provide only two different grids. The grids,

developed using the techniques developed in [26], are
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shown in Figure 34. Each grid was constructed of 18,000

grid points along 180 vertical lines (referred to as the I

indices) and 100 horizontal lines (referred to as the J

indices). The first grid provided the computational

domain for the 1.5 inch diameter, 6 inch long diffuser

(L/D =4), and the second grid modeled the 1.0 inch diame

ter, 12 inch long diffuser (L/D = 12). The nozzle and

cell region was identical in each grid. The grids were

built by breaking the nozzle and diffuser system into four

patches, where the first patch represented the nozzle, the

second patch represented the cell volume, the third patch

represented the mixing zone between the nozzle exit and

the diffuser, and the fourth patch represented the dif

fuser. The area above the subsonic section of the nozzle

was not used in the study and was included only to

simplify the gridding. The grid patches are identified in

Figure 35.

The nozzle patch was constructed of I indices 1 to 80

and J indices 1 to 40. The nozzle throat was located at

an I index of 40. The grid spacing along the nozzle wall

was exponentially packed with an initial spacing of 0.0001

inches. The cell volume patch was likewise constructed of

I indices 1 to 80, and the J indices varied from 41 to

100. The cell volume between I indices 1 to 40 was not
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used in the calibration effort, since the actual test

hardware placed the cell front wall in the same vertical

plane as the nozzle throat. Along I index 40, the J

indices were equally spaced. At the nozzle exit, however,

the packing was directed towards the nozzle lip with a

spacing of O.OOOl inches.

The mixing zone, containing I indices 80 to 90 and J

indices 1 to 100, represented the transition zone between

the nozzle and cell volume patches and the diffuser patch.

It was here that the grid had to smoothly transition into

the geometry of the particular diffuser. This was accom

plished by taking the J index distribution given on I

index 80 and providing a J index distribution on I index

90 as shown in Figure 36. The I indices were equally

spaced in the 0.25 inches between nozzle exit and the dif

fuser inlet. In the only area that deviates from the

actual test geometry, the outer cell wall boundary was

reduced to the diffuser wall diameter between I indices 80

and 90. This was accomplished over the 0.25 gap, giving a

finite slope to the wall rather than being vertical as in

the actual hardware. Since the wall was nearly vertical

and was located completely out of the main flow, no sig

nificant effects were expected from this modification.

24



The diffuser patch was constructed of I indices 90 to

180 and J indices 1 to 100. The J indices were packed

exponentially against the diffuser wall with the first

index 0.0001 inches off the wall. The I indices were

packed towards the nozzle exit with an initial spacing of

0.025 inches. The physical coordinates of the diffuser

varied with the diffuser under consideration. A variation

of the 1.5 inch diameter diffuser was developed for this

study, and is discussed in the parametric study section.

This grid had the number of I indices increased from 180

to 240 while keeping the same system geometry. The extra

indices were placed in the diffuser to increase the grid

packing.

The axisymmetrical grids described in this section

were intended to provide a grid that would furnish an ade

quate computational domain for the problem solution, but

also not require large amounts of computer memory and

processing time. These grids were a good compromise. It

should be noted that based on the definitions of valida

tion and calibration discussed in Chapter 2, had this been

a validation effort, gridding considerations would have

been of more importance. Since this was a calibration

effort, however, it was deemed necessary to provide grids

that would be similar to those used in typical diffuser
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applications.

Boundary conditions applied on the computational

domain are shown in Figure 37. All walls were treated as

no-slip and adiabatic with the exception of the bottom and

front wall of the cell volume which were considered as

slip surfaces. Because of the low flow velocity expected

in these regions, it was judged that resolving a boundary

layer along the wall would not contribute to the solution

and would in fact degrade the solution by requiring sig

nificant computer processing time. The exit of the dif-

fuser provided the outflow boundary. This boundary

condition was provided by using the diffuser exit pressure

from [8], which varied from 14.3 psia to 14.4 psia. For

this study, the exit pressure was held a constant 14.3

psia. Flow into the system was controlled on I index 1, J

indices 1 to 40. The total pressure of the nitrogen flow

was applied there, the value of which depended on the con

dition being studied. The axis of symmetry for the dif

fuser system was defined along J index 1.

The initial conditions applied over the computational

domain were varied depending on the expected performance

from the diffuser. For data points with the diffuser

started, which would fall to the left of Point C on the

diffuser performance map (see Figure 5), the initial con-
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ditions were defined as shown in Figure 38. The flow

properties inside the nozzle were based on the total

pressure required for the data point of interest and the

nozzle flow area at the I index under consideration. One

dimensional, isentropic flow was assumed, with subsonic

flow defined upstream of the nozzle throat and supersonic

flow defined downstream of the nozzle throat. Downstream

of the nozzle exit, the flow continued down the diffuser

with the nozzle wall boundary (J = 40) extended to the

diffuser exit to provide an artificial boundary for the

flow. The cell volume and the remaining grid points in

the diffuser were given properties corresponding to very

low velocity flow at a pressure near the desired answer.

The effect of this pressure level on the final solution

was investigated and will be reported in the next section.

The initial conditions for data points operating with

an unstarted diffuser are shown in Figure 39. The flow in

the nozzle was exactly identical to the started case.

Outside of the nozzle, however, the entire grid was set to

the pressure and flow velocity as in the cell region of

the preceding case. The initial conditions were set this

way due to difficulties that were present when the initial

conditions shown in Figure 38 were used on some of the

unstarted cases. With the diffuser filled with supersonic
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flow, the solution resulted in the diffuser starting.

Before the unstarted pressure could be obtained in the

cell volume, a shock would have to travel up the diffuser.

Waiting for the shock to reach the entrance to the dif

fuser was time consuming and required a large number of

iterations on the computer (greater than 20,000

iterations). By starting the supersonic flow from the

nozzle exit, the convergence problem was accelerated with

out impacting the final results.

The criteria used for convergence in this study was

based on two variables. First, the sum of the root mean

square of the individual residuals of mass flux, momentum

fluxes, and energy flux throughout the grid was required

to be less than 0.000001. Secondly, the flow field could

not change when viewed approximately every 2000 itera

tions. Mach number contours were plotted and used for the

comparison, which was qualitative in nature. For the

started diffuser cases, convergence was obtained within

approximately 50,000 iterations. The supersonic region of

the flow field reached convergence considerably earlier

(approximately 15,000 iterations), but the subsonic flow

field in the cell volume and against the diffuser wall

required the additional iterations in order to reach

steady state. The unstarted diffuser data points were to
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be treated likewise, but because of the unsteady nature of

the flow, no converged solutions were obtained for two of

the three cases considered. This aspect of the study will

be discussed in greater detail in the Results section.

3.2 PARAMETRIC STUDY

To begin the calibration effort on the PARC2D program,

a series of parametric studies were conducted. These stu

dies were used to provide an understanding of the sensi

tivity of the PARC2D program to certain changes in the

solution technique. A detailed discussion of the results

of each solution is given below. The flow conditions used

in the studies were a total driving pressure of 1000 psia

and a total temperature of 580 or. The high total pres

sure was selected (the maximum driving pressure used in

[8] was 629 psia) in order to ensure that the diffuser

system remained started during the parametric changes.

There was no secondary flow. Since there were no data

collected at this pressure in [8], no comparison to data

can be made in this section. All calculations were made

with the diffuser having an L/D of 4.
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CELL VOLUME EFFECTS

Three solutions were used to investigate the effect of

the test cell volume on the final cell pressure. The

motivation for conducting this part of the investigation

was to see if a computational volume less than all of the

cell volume could be used during the aerodynamic calibra

tion. The smaller the cell volume, the fewer grid points

that would be part of the solution. It was judged that if

fewer grid points were used in the slow converging sub

sonic flow region, a direct impact on the computer CPU

time required to obtain a converged solution could be

made.

The first case, which provided the baseline solution,

used a cell volume equivalent to that in [8], where the

vertical front wall of the cell was in the same axial

plane as the nozzle throat. The second case removed half

of the cell volume by moving the front wall up half way

between the nozzle throat and nozzle exit planes. The

third case reduced the cell volume to a minimum by moving

the front wall up to within 0.05 inches from the nozzle

exit plane. All other parameters were held constant in

all three cases to ensure that any variations observed

were indeed due to the changing cell volume. The study
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looked in particular for any variation in cell pressure

that would have indicated a change in the solution from

the baseline case.

The results from the three cases are presented in Fig

ures 40 and 41. Mach number contours varying from 0.5 to

5.0 in 0.5 increments are shown in Figure 40 and velocity

vectors are plotted in Figure 41 (the direction of the

vector indicates flow direction, and the length of the

vector is proportional to the flow velocity). There was

visually no qualitative difference between the solutions

in the diffuser. The predominant flow feature computed

was a barrel shock generated by the nozzle exit flow turn

ing near the diffuser wall. There also was a region of

separated flow approximately 2.5 L/D's down the diffuser.

Given that the ratio between the ambient diffuser exit

pressure and the diffuser flow static pressure was as high

as seven, the separated flow region was expected.

The most significant difference between the three

cases was in the final cell pressure that was obtained.

The cell static pressure, which was located on the cell

top wall in the same plane as the nozzle exit (where the

grid starts reducing the diameter to match the diffuser),

is plotted in Figure 42 for all three cases as a function

of iteration count. Other cell pressure measurement loca-
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tions showed the same pressure value after approximately

1000 iterations and will not be shown. After the first

5000 iterations, where the initial conditions were being

washed out of the system, the cell pressures quickly con

verge to about their final level. For the remainder of

the iterations, however, it was a slow process to obtain

the final values. The final pressure's clearly show the

effect of varying cell volume. The first two cases, where

the full cell volume was used and only half of the cell

volume was used, converged to approximately the same

answer. There was a slight difference, with the half vol

ume case being 3 percent higher (0.02 psia) than the full

volume case. The third case, however, converged to a cell

pressure approximately 10 percent lower than the other two

cases. The reason for this can best be explained by look

ing at Figure 43. Computed velocity vectors in the test

cell region for all three cases are plotted in the figure.

For the full volume and half volume cases, the computed

flow features in the cell volume were similar in that the

recirculating flow coming off of the jet boundary was able

to set up one or more vortices in the cell with low veloc

ity. In the third case, however, the recirculating flow

vortex did not have a chance to dissipate into a
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relatively large cell volume. This caused the flow veloc

ity to be maintained, helping to generate a lower pressure

in the cell.

It was concluded from this parametric study that the

cell volume could be safely reduced to approximately half

of the volume used in [8]. Reducing the volume any fur

ther could potentially introduce unacceptable errors in

the solution. However, since a 50 percent reduction in

cell volume did not reduce the number of iterations

required to obtain a converged solution, it was decided

that the remaining work would use the full cell volume to

ensure complete compatibility with the work reported in

[8].

DIFFUSER 6RID0IN6 EFFECTS

The second parametric study conducted looked at the

effect of increasing the resolution of the grid in the

diffuser. To accomplish this, a grid was generated that

increased the number of I indices from 180 to 240, with

the additional 60 indices being located in the diffuser.

The geometry of the system did not change. Only the spac

ing of the I indices in the diffuser was modified. The

intent of the study was to determine if the higher grid

resolution in the diffuser would result in a different
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computed flow field. The grid used for this study is

shown in Figure 44. Since the grid spacing at the inlet

of the diffuser did not change, the additional indices

resulted in an axial distance between indices at the exit

of the diffuser of only 0.059 inches, versus 0.134 inches

for the other grid.

Mach number contours and velocity vectors are plotted

for the solution in Figure 45a and 45b, respectively.

Referring back to the full grid results plotted in Figures

40 and 41, there was no apparent differences between the

two grids. The extra gridding did give better visual res

olution of the shock waves reflecting off the centerline

and the wall downstream of the barrel shock. This was

most apparent in the velocity vector plots; the Mach num

ber plots indicated that the original grid provided almost

the same flow structure as the new grid. The region of

separated flow along the diffuser wall was also still

present and was of the same appreciable size as before. A

more direct comparison between the two cases is presented

in Figure 45c by plotting the diffuser wall static pres

sures down the length of the diffuser. Other than the

shock location being shifted approximately 0.25 inches to

the left for the 240 x 100 grid solution, there was no

significant differences between the two solutions.
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Besides not providing any significant benefits, the

higher resolution grid also carried several negative

aspects. Because of the additional grid points (a 33 per

cent increase), more computer memory was required to exer

cise the PARC2D program. The 180 by 100 grid required

less than 1 megaword of memory, while the 240 by 100 grid

increased the memory requirement to 1.5 megaword. This

additional memory resulted in a low priority being placed

on computer run, adding approximately one week clock time

to the solution effort. Based on these reasons, it was

concluded that there were no benefits to be gained by

using the 240 by 100 grid. The remaining parts of the

calibration effort used the 180 by 100 grid.

INITIAL CELL PRESSURE EFFECT

In most diffuser applications of the PARC2D program,

the user will not know beforehand the exact value of the

cell pressure (Pcell) that will result. Since some value

of pressure must be used in the initial conditions, it was

the intent of this parametric study to investigate if

using either a lower or higher pressure than the actual

final answer would provide a faster convergence rate.

Two cases were considered in this study. The first

case, which was the same case used above for the full cell
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volume study, used an initial cell pressure of 0.5 psia

which was approximately 25 percent lower than the final

cell pressure. The second case used an arbitrary cell

pressure equal to 2.0 psia which was higher than the final

cell pressure by 65 percent. The cell pressures for both

cases as a function of iteration count are plotted in Fig

ure 46. The 0.5 psia cell pressure case converged to the

final solution in approximately 20,000 iterations. It

took the second case 40,000 iterations to reach its final

solution. At that point, the cell pressure was approxi

mately 10 percent higher than that obtained in the first

case.

Based on these results, it can be concluded that using

a cell pressure lower than the expected value can result

in an improved rate of convergence in the solution. It

should be noted that the comparison is incomplete, how

ever, since the second case was a much higher percentage

away from the final solution than the first case. For the

remainder of this study, the cell pressure was set to

within 25 percent of the final Pcell and the fact that the

pressure is higher or lower than the final solution will

not be a driving consideration.
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INITIAL DIFFUSER FLOW EFFECT

The effect of the type of initial conditions specified

in the diffuser were also studied. In particular, the

study looked at using full isentropic flow in the diffuser

versus having no flow at all in the diffuser and setting

the diffuser initial conditions equal to the initial con

ditions specified in the cell volume. The initial condi

tions used in the study are shown in Figure 38 for the

started diffuser case and in Figure 39 for the unstarted

diffuser case.

The cell pressure as a function of iteration count for

the unstarted diffuser initial conditions is plotted in

Figure 47. The results obtained using the started dif

fuser initial conditions are presented in Figure 46 by the

0.5 psia initial cell pressure curve (the results from the

initial cell pressure effect study have been utilized).

It is shown that even though the full flow initial condi

tion case should have been considerably closer to the

final solution, there was no appreciable difference in the

number of iterations required to achieve convergence.

This was not totally unexpected, since as stated earlier,

the supersonic portion of the flow field converged rather

quickly. It was the subsonic portion of the flow field

that required a large number of iterations. Since the
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majority of the diffuser flow was supersonic, the initial

conditions in the diffuser did not have a direct influence

on the convergence rate.

It was concluded from this study that for regions

where the flow field will be mainly supersonic, the ini

tial conditions do not play a critical role in the overall

rate of convergence. The regions of subsonic flow

completely override the supersonic flow regions in con

trolling the rate of convergence of the flow solution.

Based on these results, either set of initial conditions

was used in the remaining work efforts.

TURBULENCE MIXING COEFFICIENT EFFECT

The turbulence mixing coefficient (COFMIX) controls

the level of turbulence introduced to the flow by the

algebraic turbulence model (see Appendix B). As such, its

value directly controls the flow solution that is

obtained. For this parametric study, the value of COFMIX

was changed from a nominal value of 0.11 to 0.09 and then

to 0.13. The solution with COFMIX equal to 0.11 is shown

in Figures 40 and 41, the full cell volume case. Mach

number contours and velocity vectors for the solution with

COFMIX equal to 0.09 are shown in Figure 48. The solution

with COFMIX equal to 0.13 is shown in Figure 49. As in
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the previous parametric studies, the major difference

between the three solutions was in the final cell pressure

value obtained. The cell pressure for each case as a

function of iteration count is shown in Figure 50. As can

be seen, the higher COFMIX was set, the lower the cell

pressure. A ±20 percent change in COFMIX resulted in an

approximately +30 percent change in cell pressure. This

was expected, since a higher value of COFMIX directly

increased the level of mixing in the jet boundary. A

higher mixing level resulted in a higher level of mass

entrainment by the jet, thereby reducing the amount of

mass in the cell volume. A lower amount of mass equated

to a lower cell pressure. The opposite occurred for a low

value of COFMIX.

Unlike the other parts of the parametric studies,

there were no quantitative conclusions to be drawn from

this section. It was shown, however, that the turbulence

mixing coefficient can be used to adjust the overall per

formance predictions for a given diffuser system. This

fact will be of great importance in the aerodynamic

calibration discussions which follow.
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3.3 AERODYNAMIC CALIBRATION

To determine the performance of the PARC2D program for

predicting steady state diffuser performance parameters,

comparisons to data were made for two diffuser configura

tions operating in the three regimes discussed in Chapter

1. This section will detail the methodology used and

discuss the results obtained for each case. The first

configuration considered used the diffuser having a L/D of

4. The second configuration used the diffuser having a

L/D of 12. For each diffuser, the PARC2D program was

calibrated when operating in the started mode using the

turbulent mixing coefficient to obtain the correct cell

pressure. Then, once the required value of COFMIX was

determined, the program was exercised with one or more

unstarted diffuser cases.

CASE 1

The first case to be analyzed was based on the maximum

pressure case for the L/D = 4 diffuser. The total pres

sure for the primary nitrogen flow was 629 psia. The

started diffuser initial conditions as shown in Figure 38

were applied to the computational domain in order to begin

the analysis.
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In order to obtain the correct cell pressure of 0.43

psia, values of 0.11, 0.115, and 0.12 were tried for COF-

MIX. The value of 0.115 provided a cell pressure very

nearly equal to the data, as is shown in Figure 51. The

resulting flow field, shown by Mach number contours and

velocity vectors, is given in Figure 52. There was visu

ally not much difference between these results and those

obtained in the parametric study presented in Section 3.2

other than the shock location. The shock was located far

ther up in the diffuser due to the lower driving pressure

ratio.

A comparison between the calculated and measured wall

static pressures down the diffuser length are presented in

Figure 53. The calculations followed the data until just

downstream of where the nozzle exit flow reached the dif

fuser wall. At that point, the PARC2D program overpre-

dicted the rate of pressure increase along the wall

resulting in the sudden pressure recovery seen in the

figure. These results indicate that the PARC2D program

did not correctly model the flow in the diffuser. Based

on the discussion of normal shocks in ducts in [27] and

the test data from [8], it was expected that the pressure

recovery in the diffuser would result from a series of

normal shocks. The computational results shown in Figures
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52 and 53, however, Indicated that the PARC2D program set

up a single strong normal shock in order to effect the

needed pressure rise. The computed flow field compared

favorably with the flow field shown in Figure 5.15(a) in

[27] for flows with a thin boundary layer or a low pres

sure ratio.

CASE 2

The second case to be considered in the study was a

condition operating between the points A and B in Figure

5. The total pressure of the nitrogen primary fluid was

208 psia. At this operating pressure, the diffuser was

not flowing full, and the flow was separated inside the

nozzle [8]. The turbulence mixing coefficient was set to

0.115 as defined above. The solution was started with

started diffuser initial conditions as shown in Figure 38.

The cell pressure, Pcell/ as a function of iteration

count is shown in Figure 54. As can be seen, Pcell ini

tially indicated that the diffuser was operating in the

started mode. After 20,000 iterations however, the

diffuser had begun operating in the correct regime. The

cell pressure was 30 percent higher than the test data

value of 9.5 psia. The plots of Mach number contours and

velocity vectors are shown in Figure 55. Examining the
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flow in the nozzle more closely, which is presented in

Figure 56, reveals that the flow did not separate from the

nozzle wall until just before the nozzle exit. Since the

data in [8] does not include the location of the flow

separation point in the nozzle, it was not known if the

computed flow field separated at the correct location. If

the flow did separate too late, the cell pressure could

have been driven higher due to improper nozzle exit flow

conditions. Wall static pressures, both calculated and

measured, are plotted in Figure 57. There was not much to

be concluded from this plot since the cell pressure was

considerably above the test data. There was an indication

of a region of accelerating flow, however, which was not

expected given the adverse pressure gradient in the dif-

fuser.

Other values of COFMIX were investigated to see if

perhaps one value would be required for started cases,

another value for unstarted cases. The cell pressure as a

function of iteration count for a value of COFMIX of 0.13

is plotted in Figure 58. This plot was generated by con

tinuing the solution from above and simply increasing the

mixing coefficient. It was not started from initial

conditions. The higher mixing coefficient did effect a

lowering of the cell pressure by approximately 0.8 psia
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within 6,000 iterations. It should be mentioned, however,

that the time step size had to be reduced in order to keep

the flow solution stable. Given these results, the mixing

coefficient was raised to 0.15. At that level, the flow

solution became unstable and could not be converged. It

was therefore concluded that the PARC2D program could not

adequately handle this regime of the diffuser performance

map.

CASE 3

This case was to be used to investigate the region

lying between points B and C in Figure 5. When the dif

fuser operates in this regime, the nozzle flows full, but

the diffuser does not. For this particular case, the

total pressure of the nitrogen primary fluid was 360 psia.

As with Case 2, the turbulence mixing coefficient was set

to 0.115. Given the results from Case 2, which indicated

that the diffuser started during the first part of the

solution, the initial conditions assumed the unstarted

diffuser values as shown in Figure 39.

The results obtained for this case were quite inter

esting. It appeared that, although the PARC2D program was

converging to the correct cell pressure, the solution was

highly transient. The cell pressure as a function of
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iteration is shown in Figure 59. A total of 100,000 iter

ations were required to develop the cyclical nature of the

solution, and it was not determined if additional

iterations would have resulted in the solution converging

to a constant pressure. The version of the PARC2D program

used for this case was not time accurate and as such, no

time dependent conclusions can be drawn from the results.

It is interesting to note, however, that [8] describes the

diffuser operation in this regime as being unstable, and

in fact identifies several points (including this one) as

having a "buzzing" nature.

The flow solution obtained for this case is presented

in Figure 60. The velocity vector plot indicates a region

along the diffuser wall where the flow has reversed direc

tion. This qualitatively agrees with AEDC testing experi

ence where water from exhaust gas coolers downstream of

the diffuser has been observed to travel up into the test

cell when the diffuser is operating in the unstarted mode.

It should also be noted that this phenomena was also pres

ent in Case 2, as shown in Figure 55.

The wall static pressure down the diffuser, both cal

culated and data, are shown in Figure 61. The PARC2D

values were obtained at 100,000 iterations. Although the
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test cell pressure is over 10 percent too low, the pres

sure recovery in the diffuser occurs as it should with the

pressure rise taking the entire length of the diffuser.

CASE 4

This case was a simulation of the diffuser system

operating in the started mode (to the left of Point C in

Figure 5) with the diffuser having a L/D of 12. The total

pressure of the nitrogen primary fluid was 460 psia,

resulting in the diffuser operating to the left of Point C

in Figure 5. The turbulence mixing coefficient was set to

the nominal 0.115. Since the diffuser was operating in

the started mode, the started diffuser initial conditions,

as shown in Figure 38, were used to start the analysis.

The cell pressure as a function of iteration count is

presented in Figure 62. As can be seen, the value of

0.115 for COFMIX was correct, as the calculated value for

cell pressure quickly converged to the 1.55 psia given in

the data. The overall flow field calculated by the PARC2D

program is shown in Figure 63. In both the Mach number

contour plot and the velocity vector plot, the shock

structure inside the diffuser was readily apparent.

The wall static pressure down the diffuser is plotted

in Figure 64 for both the calculated values and the data.

46



For this particular case, the PARC2D program does an

excellent job of predicting the wall static pressure.

Unlike the Case 1 results, the program did not overpredict

the shock strength in the diffuser. The wall static pres

sures remained within 10 percent of the data until nearly

half way down the diffuser. Beyond that, the pressures

still remained within 50 percent of the data and appeared

to be shifted slightly, rather than fundamentally wrong as

the Case 1 results.

CASE 5

This case used the same diffuser as in Case 4, but the

system was operating with a total pressure of 94 psia.

This placed the operation of the diffuser between points A

and B in Figure 5. The turbulence mixing coefficient was

set to 0.115. The unstarted diffuser initial conditions

shown in Figure 39 were used to start the solution.

The cell pressure as a function of iteration count is

shown in Figure 65. The cell pressure does not converge to

the data, but appears to reach equilibrium at a cell pres

sure value approximately 60 percent higher than the test

data. The flow field given by the PARC2D program is shown

in Figure 66. The flow inside the nozzle was separated

from the nozzle wall, as shown in Figure 67, but it was
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not known if the separation point was correct since [8]

did not provide the required data. Based on the discus

sion in Case 2, if the nozzle had separated too far down

stream of the nozzle throat the cell pressure would be

impacted due to incorrect nozzle exit conditions. Wall

static pressures predicted by the PARC2D program were not

compared to data for this case since the cell pressure

results were significantly higher than the test data.

A case operating with the diffuser having a L/D of

12 between points B and C in Figure 5 was not attempted

due to a lack of test data with which to compare.

3.4 MODIFICATION STUDY

One of the most troublesome aspects of the work

reported in the above sections was the large amount of

computer time required to get a converged solution. This

was driven by the small time step size that could be taken

without causing the numerical algorithms to become unsta

ble. The number of iterations required to get to a con

verged solution is directly proportional to the size of

the time step taken. If the time step size could be

increased, the rate of convergence would likewise be

accelerated.
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One of the major factors controlling the time step

size in the above examples was the turbulence level in the

flow. The PARC2D program limits the rate of change of

certain derivatives during the flow solution, and an arti

ficially high turbulence level could cause the limits to

be exceeded. The turbulence model described in Appendix B

generates a value for the' turbulent viscosity based on the

formulation by Thomas [28] of the Baldwin and Lomax model

[29], with the final value corrected by the constant tur

bulence mixing coefficient (COFMIX). This correction fac

tor has been required simply because the values calculated

without it were much too high. The problems that occurred

above, however, indicated that the use of a constant cor

rection might be too simplistic for the actual flow prob

lem. The investigation was also driven by the results

reported in [16], in particular by the complete failure of

the turbulence model to adjust for the far field flow in

the Mach 2.22 jet.

To investigate this problem, a modification to the

turbulence model was made which provided a correction fac

tor based on the local Mach number of the flow. Mach

number was chosen as the independent variable since it

provides a reasonable indication of the energy of the flow

at a given location. For a given value of Mach number at
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any particular grid point in the computational domain, the

correction factor applied to the turbulent viscosity cal

culation was changed to:

COFMIX = i ^
(1 +0.3Mn2)

The variable was limited to a maximum value of 0.47.

The value of the constants in the equation have been

selected based on unreported work performed by W. J.

Phares at the AEDC for the supersonic jet exhausting into

quiescent air as reported in [16]. Although the constants

provided excellent simulation results for that particular

case, there is no guarantee that they will be appropriate

for the geometry at hand.

To study the effect of this modification on the abil

ity of the PARC2D program to predict steady state diffuser

performance parameters, three of the five cases looked at

above were reanalyzed. The cases were started from the

same initial conditions as previously used to ensure that

any differences in the convergence rate were directly

attributable to the turbulence model modification. The

three cases will now be discussed.
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CASE 1

The cell pressure as a function of iteration count for

this case, which used a total pressure of 630 psia in the

diffuser having a L/D of 4, is plotted in Figure 68. Even

though the time step size was increased from 0.15 seconds

to 0.7 seconds, the final cell pressure was reached in

approximately the same number of iterations. It was also

noted that the constants in the new model provided a cell

pressure approximately 80 percent higher than the test

data. No effort was made to adjust the results.

The flow field generated by the new model is shown in

Figure 69. The wall static pressures down the diffuser

length are compared to data in Figure 70. There was no

significant difference in these results from those

obtained earlier, other than the higher cell pressure.

CASE 3

This case simulated the operation of the diffuser sys

tem with the diffuser unstarted and the nozzle flowing

full. The total pressure of the nitrogen primary fluid

was 360 psia. The cell pressure as a function of itera

tion count is plotted in Figure 71. As with the previous

run with this case, 100,000 iterations were made. Cell

pressure was overpredicted by 60 percent. Unlike the ear-
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lier run, the solution behaved more like a solution in the

region on the diffuser performance map lying between

points A and B. The solution also showed a slight cyclic

trend, which was expected, but not to the extent that the

previous solution had predicted.

The flow field generated for this case by the new

model is shown in Figure 72. The flow field in the region

of the nozzle exit is plotted in Figure 73. It is not

known why the differences in the two Case 3 solutions

resulted, but it is probable that the change in turbulence

levels was a direct contributor to the results. This con

clusion was based on the results obtained in Case 1, where

the new turbulence model generated a cell pressure that

was higher than the test data. This equated to a lower

level of turbulence in the jet boundary. It was possible

that the lower turbulence level raised the cell pressure

in this case, causing the diffuser to operate between

points A and B in Figure 5 rather than between points B

and C.

The wall static pressures down the length of the dif

fuser compared to data are presented in Figure 74. As in

Case 2, the high cell pressure prevents any quantitative

conclusions to be drawn.
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CASE 4

This case, which used the diffuser having a L/D of 12,

provided started diffuser operation by driving the primary

nitrogen flow at a total pressure of 460 psia. The cell

pressure as a function of iteration count is shown in Fig

ure 75. The final cell pressure was reached in fewer

iterations than previously (approximately 25,000 versus

45,000), but the value was higher than the test data by

approximately 15 percent.

The flow field generated in this case is presented in

Figure 76, and the wall static pressures, both calculated

and data, are presented in Figure 77. Unlike the previous

two cases, these two graphs shown a definite difference

from the unmodified Case 4 run. Whereas the original run

provided good agreement with data, the new run showed the

same problem that plagued the Case 1 results. Referring

between Figure 64 and Figure 77, it was apparent that the

new model allowed the shock strength to be overpredicted,

resulting in the pressure being recovered much too quickly

in the diffuser.
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4 SUMMARY AMD CONCLUSIONS

The objective of this research was satisfied by the

application of the PARC2D program to an axisymmetrical

nozzle/diffuser configuration similar to that used in tur

bine engine and rocket motor testing at the AEDC. The

calibration effort used data from available literature and

was limited to an axisymmetrical diffuser system that used

single specie, single stream, nonreactive flow. The cali

bration range included a convergent/divergent nozzle with

an exit area to throat area ratio of 9, a diffuser with a

diffuser area to nozzle throat area ratio of 36 with a

diffuser length to diameter ratio of 4, and a diffuser

with a diffuser area to nozzle throat area ratio of 16

with a diffuser length to diameter ratio of 12. Calibra

tion parameters selected for the study were diffuser pres

sure rise ratio and diffuser wall static pressure. The

calibration study was broken into three sections. The

first part was a parametric study to investigate the char

acteristics of certain aspects of the PARC2D program and

the solution technique. The second section of the

research compared PARC2D results to actual test data. A

modification was made to the algebraic turbulence model
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that permitted an increase in time step size by a factor

of five or greater for the cases examined. The effect of

this modification on the results was also presented.

The calibration effort demonstrated that the PARC2D

program can predict started diffuser pressure rise ratios

to within 5 percent of test data for the configurations

considered using a value of COFMIX of 0.115. The diffuser

configuration having an L/D of 4 and an A^/At ratio of 36

(Case 1) overpredicted the strength of the normal shock in

the diffuser, resulting in the diffuser wall static pres

sures exceeding the test data by as much as 300 percent.

For the diffuser system having an L/D of 12 and an A^/A^

ratio of 16 (Case 4), the PARC2D program predicted the

diffuser wall static pressures to within 50 percent of the

data. The errors were due mainly to a slight shift in the

maximum pressure locations rather than because of incor

rect pressure levels. Case 3, the one case considered

that operated with the diffuser unstarted and with the

nozzle flow underexpanded, could not be converged to a

steady cell pressure solution, but was cyclic about the

actual test value. Both Case 2 and Case 5 operated with

the diffuser unstarted and with the nozzle flow overexpan-

ded. The calculations for both cases overpredicted the

cell pressure level by 30 percent or more. Quantitative
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comparisons of the predicted diffuser wall static pres

sures for the three unstarted diffuser cases were not pos

sible due to the improper cell pressure predictions.

The modification to the algebraic turbulence model

permitted an increase in the time step size by a factor of

5 or more. Convergence rates were not increased, however.

Reanalysis of started diffuser case (Case 1) resulted in a

cell pressure prediction 80 percent higher than the test

data. Likewise, Case 3 and 4 cell pressure predictions

were 60 percent and 15 percent over the test data, respec

tively. The diffuser wall static pressure predictions for

Case 1 and Case 3 did not differ significantly from the

previous calculations other than the higher cell pressure

levels. Case 4 diffuser wall static pressure predictions

indicated that the shock strength in the diffuser was

overpredicted, causing a pressure level a maximum of

approximately 400 percent higher than the test data.

Four different parameters were investigated in the

parametric study. The effect of the cell volume was con

sidered, indicating that it was not necessary to include

the entire cell volume in the computational grid.

Removing most of the cell volume, however, caused the

results that were obtained in the study to vary, indicat

ing that it was indeed possible to reduce the cell volume
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too much. The number of grid points in the diffuser was

also investigated. No significant benefits were gained by

increasing the gridding in the diffuser from 9,000 points

to 15,000 points.

In considering the effects of initial conditions on

the final solution, two different aspects were studied.

First, the effect of the cell initial pressure was consid

ered. It was found that using a cell pressure lower than

the final solution provided a faster convergence rate than

using an initial pressure higher than the final solution.

The second effort looked at the effect of the initial con

ditions in the diffuser. It was found that there was no

difference between using isentropic, one dimensional flow

conditions in the diffuser rather than setting the dif

fuser initial conditions to no-flow values.

The final part of the parametric studies investigated

the influence of the turbulence mixing coefficient on the

problem solution. Three different values of COFMIX (0.09,

0.11, and 0.13) were used. As expected, the value of

COFMIX was significant. As the value was increased, a

proportionally lower value of cell pressure was obtained.

Since the mixing coefficient controls the level of turbu

lence in the jet mixing zone (and hence the amount of mass
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entrained by the jet), the result was expected and

demonstrated that the mixing coefficient could be used to

adjust the PARC2D results to match the test data.

The comparison of the PARC2D program results to test

data considered both started and unstarted diffuser opera

tion. Two diffuser configurations were included in the

study, the first having a L/D of 4 and the second having a

L/D of 12. The first case, using the diffuser having a

L/D of 4, simulated started diffuser operation and was

used to adjust the PARC2D program results to the test

data. It was found that a turbulence mixing coefficient

value of 0.115 was needed to give the correct cell pres

sure. Comparing the calculated wall, static pressures to

test data clearly indicated that the PARC2D program had

problems with the flow in the diffuser and overpredicted

the shock strength. This resulted in the pressure

increasing at a faster rate in the diffuser than the data

indicated.

The second and third cases considered also used the

diffuser having a L/D of 4 and were used to investigate

unstarted diffuser operation. Case 2 operated with a pri

mary fluid total pressure such that the flow separated in

the nozzle, and Case 3 provided sufficient total pressure

to keep the nozzle flowing full. The results of Case 2
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indicated that the PARC2D program overpredicted the cell

pressure by over 30 percent. Case 3 results appeared to

be converging in on the appropriate cell pressure, but the

results were highly cyclic in nature. Because of the

large number of iterations required, it was not possible

to run the solution to complete convergence. In both

cases, the error due to the improper cell pressures pre

vented any direct comparison between the calculated wall

static pressures with the test data.

The fourth case used the diffuser having a L/D of 12

with a primary total pressure sufficiently high enough to

start the diffuser. The results effectively fell right on

the test data using the value for the turbulence mixing

coefficient obtained in Case 1. Unlike Case 1, however,

the fourth case also provided agreement with test data to

within 50 percent when comparing the wall static pressures

down the length of the diffuser. The errors were due

mainly to a slight shift in the maximum pressure locations

rather than incorrect pressure levels.

The fifth case used the diffuser having a L/D of 12

and provided one additional check of unstarted diffuser

operation. As in Case 2, the primary total pressure was

insufficient to keep the nozzle flowing full. The results

were as expected (based on the Case 2 results), with the
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cell pressure being 60 percent higher than the test data.

It was concluded that the Separated flow in the nozzle was

the cause of the poor results. The diffuser wall static

pressure predictions were not compared due to the incor

rect cell pressure predictions.

Because of the large amount of computer time required

to obtain the above solutions, a modification to the alge

braic turbulence model was made that changed the turbu

lence mixing coefficient from a constant to a function of

the local Mach number. Cases 1, 3, and 4 were reanalyzed

to study the effect of this change. In all cases, the

maximum time step size, which directly controls the rate

of convergence, was increased by a factor of five or more.

For Case 1, the PARC2D program predicted a cell pressure

80 percent higher than the test data. The trend of the

wall static pressures did not change. Case 3 and 4 like

wise indicated some important differences. In Case 3, the

flow separated in the nozzle and looked like the results

from Case 2. The reason for the change in mode of opera

tion was not known, but could have been caused by the

change in turbulence level in the flow. The differences

in the Case 4 results occurred with both the cell pressure

and the diffuser wall static pressures. The cell pressure

was approximately 15 percent higher than the test data.
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The diffuser wall static pressures indicated that the

PARC2D program was overpredicting the shock strength as in

Case 1.

Based on the results obtained from the research, sev

eral things were concluded. First, the PARC2D program has

demonstrated its ability to predict started diffuser

pressure rise ratios with an error approaching 0 percent

for systems having a convergent/divergent nozzle with an

exit area to throat area ratio of 9 and a diffuser with a

diffuser area to nozzle throat area ratio of 36 with a

diffuser length to diameter ratio of 4, or a diffuser with

a diffuser area to nozzle throat area ratio of 16 with a

diffuser length to diameter ratio of 12. Because of the

limited extent of this calibration effort in terms of dif

fuser L/D and Ajj/At, however, the PARC2D program should

not be used blindly for any configuration. It is

recommended that the program be calibrated to data

obtained from a geometry as close to the system under con

sideration as possible. Use of the program to determine

diffuser wall static pressures for such considerations as

structural and thermal design is not recommended until

additional work is performed to improve the program

results. For unstarted diffuser systems with the nozzle

flow either overexpanded or underexpanded, the use of the
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PARC2D program is also not recommended.

The modification to the algebraic turbulence model

allowed the time step size to be increased by a factor of

5 or more for the specific geometries considered. The

benefits, however, were not directly apparent since for

most cases the same number of iterations were required to

obtain a solution. There was also no improvement in the

solution accuracy. The model in its present form also

requires some additional adjustment of the turbulence

equation coefficients to provide a better match to test

data.
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5 RECOMMENDATIONS

There are several areas were additional work should be

conducted to improve the results obtained in this research

effort. The most obvious area that requires additional

consideration is with the prediction of the pressure

recovery mechanism in the diffuser during started opera

tion. The diffuser wall static pressures predicted in

Case 1 indicated that the PARC2D program recovered the

pressure by a strong normal shock located just downstream

of where the nozzle exit flow impinged on the diffuser

wall. The test data, however, indicated that the pressure

was in fact recovered by a series of weak normal shocks

positioned down the length of the diffuser. The results

from Case 4 indicated that the PARC2D program correctly

mimicked the pressure recovery mechanism in the diffuser.

It is not known why the differences between the two cases

occurred and a resolution to the problem is needed. Until

the PARC2D program can provide accurate and consistent

predictions of the conditions along the diffuser wall, the

program will provide little additional information over

and above that which could be obtained from a much more

cost effective and much simpler to apply control volume

analysis tool.
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Another area that requires additional consideration is

the PARC2D program's handling of the flow inside the

nozzle during overexpanded operation. The results from

Case 2 and Case 5 indicated that the PARC2D program did

not allow the flow to separate from the nozzle wall at the

appropriate location. This resulted in considerable error

in the cell pressure predictions. This is a critical

problem, and the use of the PARC2D program for overexpan

ded nozzle flows is not recommended until this problem is

resolved.

Another consideration for additional work includes a

look at the diffuser geometries reported in [8] that were

not included in this study. The additional knowledge con

cerning the effect of L/D and A^/At on the PARC2D program

performance could help define the program's region of

applicability more definitively. Given the differences

between the diffuser wall static pressure predictions in

Case 1 and Case 4, additional geometries could assist in

the resolution of the pressure recovery mechanism problems

by more accurately defining where the program works and

where it does not work.

As a consideration as to how the convergence rate

might be increased, a study of the maximum rate at which

the PARC2D program allows certain derivatives to vary from

64



one time step to the next should be investigated. The

work reported herein limited the changes in derivatives to

10 percent. Case runs with the value both lower and

higher could provide insight into the effect the rate of

change has on the convergence.

It is also recommended that a modification to the

PARC2D program be considered that will split the calcula

tion of viscosity between that which is needed to capture

shocks and that which is needed in the shear layers. The

PARC2D program in its current form does not differentiate

between the two. Splitting the calculation could assist

in alieviating the errors in wall static pressures that

were present in the work reported herein.

Finally, the modification to the algebraic turbulence

model which bases the level of turbulence in the flow on

the local Mach number requires some additional work. The

results presented herein indicate that the model currently

underpredicts the diffuser pressure recovery ratio. Some

simple tuning of the constants in the model should provide

the extra turbulence that is needed to better match test

data. The tuning could be accomplished either through

direct manipulation of the equation coefficients or by

placing a multiplying factor in front of the equation.
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Figure 5. Flow in the diffuser for different operating
conditions
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Adopted From: Fortini, A. "Performance Investigation
of a Nonpumping Rocket-Ejector System for Altitude
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W. J. "A Computational Fluid Dynamics Evaluation of
Test Cell Recirculation Effects on High-Bypass Turbo-
fan Engine Surface Pressure Distributions." AIAA-86-
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Source: Huddleston, D. H., Cooper, G. K., and Phares,
W. J. "A Computational Fluid Dynamics Evaluation of
Test Cell Recirculation Effects on High-Bypass Turbo-
fan Engine Surface Pressure Distributions." AIAA-86-
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Source: Huddleston, D. H., Cooper, G. K., and Phares,
W. J. "A Computational Fluid Dynamics Evaluation of
Test Cell Recirculation Effects on High-Bypass Turbo-
fan Engine Surface Pressure Distributions." AIAA-86-
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Figure 17. Variable Area Ejector test configuration

Source: Phares, W. J., Cooper, G. K., Swafford, T.
W., and Jones, R. R. "Application of Computational
Fluid Dynamics to Test Facility and Experiment
Design." AIAA-86-1733, June 1986.
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W., and Jones, R. R. "Application of Computational
Fluid Dynamics to Test Facility and Experiment
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Figure 22. Comparison of PARC2D results to data at

Mach 7.4

Source; Hunter, L. G. and Kent, T. J. "Inlet Analysis
Using Computational Fluid Dynamics." AIAA-86-2611,
AIAA/AHS/ASEE Aircraft Systems, Design and Technology
Meeting, Dayton, Ohio, October 20-22, 1986.
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Figure 22. Comparison of PARC2D results to data at
Mach 7.4 (concluded)

Source: Hunter, L. G. and Kent, T. J. "inlet Analysis
Using Computational Fluid Dynamics." AIAA-86-2611
AIAA/AHS/ASEE Aircraft Systems, Design and Technology
Meeting, Dayton, Ohio, October 20-22, 1986.
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Figure 23. Boundary layer growth in a hypersonic
inlet

R. G., Arbiter, D. G., and Dyer R

Fluid Validation of a ComputationalFluid Dynamics Code for Analysis of Internal Aerody
namics." AGARD N89-18643, December 1988.
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Figure 24. Geometry for the convergent-divergent
nozzle

Source; Semmes, R. G., Arbiter, D. G., and Dyer, R.
D. "Efforts Toward the Validation of a Computational
Fluid Dynamics Code for Analysis of Internal Aerody
namics." AGARD N89-18643, December 1988.
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Figure 25. Surface static pressure for the convergent-
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Figure 26. Subsonic diffuser geometry

Source; Semmes, R. G., Arbiter, D. G., and Dyer, R.
D. "Efforts Toward the Validation of a Computational
Fluid Dynamics Code for Analysis of Internal Aerody
namics." AGARD N89-18643, December 1988.
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Figure 27. Surface static pressure for the subsonic
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Source: Semmes, R. G., Arbiter, D. G., and Dver r

Si, Toward the Validation of a ComputationalFluid Dynamics Code for Analysis of Internal Aerody
namics. AGARD N89-18643, December 1988.
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Figure 30. Near field results for supersonic nozzle

Source: Cooper, G. K., Garrard, G. D., and Phares, W.
J. "PARC Code Validation for Propulsion Flows." AEDC-
TR-88-32, January 1989.
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Figure 33. Velocity profiles downstream of rearward facing
step

Source: Cooper, G. K., Garrard, G. D., and Phares, W.
J. "PARC Code Validation for Propulsion Flows." AEDC-
TR-88-32, January 1989.
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Figure 35. Grid patches (Diffuser 1 shown, Diffuser 2 Simi
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Figure 39. Unstarted diffuser initial conditions
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parametric study
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Figure 48. Flow solution for COFMIX = 0.09
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Figure 52. Flow solution for Case 1
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Figure 55. Flow solution for Case 2
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Figure 56. Nozzle flow solution for Case 2
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Figure 60. Flow solution for Case 3
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Figure 67. Nozzle flow solution for Case 5
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APPENDIX B

PARC2D THEORY

This appendix is presented to describe in a general

manner the fundamental equations used by the PARC2D pro

gram [30] and to discuss the basic approach taken to solve

them. Derivation of the Navier-Stokes equations and the

details of the implementation of the algorithms used to

solve them will not be discussed here, as they are well

documented elsewhere [31, 32, and 33]. The PARC2D program

is based on the Navier-Stokes equations expressed in

strong conservation law form. It is a flow field simu

lation program that determines the thermodynamic and kine

matic properties of a fluid flow at discrete points in the

physical plane based on given boundary conditions. The

flow can be treated as either laminar or turbulent, and

the viscous terms can be selectively calculated so that a

thin-layer simulation can be performed. Inviscid, or

Euler, flow fields can also be simulated. The PARC2D

thermodynamic relationships are based on the assumptions

of an ideal gas with constant ratio of specific heats. A

constant Prandtl number is assumed, and the Sutherland

viscosity law is used. The functional form for the second

coefficient of viscosity is based on the Stokes hypoth

esis. The governing partial differential equations used
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in the PARC2D program are the Reynolds-averaged

Navier-Stokes equations in curvilinear coordinates. The

equations for continuity, momentum, and energy can be

expressed in the following nondimensional conservation law

form.

aq apj i aCj

at aXj ReaXj

The conservation variables vector (Q) is defined as;

Q =

P

PUj

E

Likewise, the inviscid flux vectors (Fj) are defined

as:

Fi =

PUj

PUiUj + P5ij

(E + P)Uj

Finally, the viscous flux vectors (Gj) are represented

by:

0

The viscous stress tensor (x^) and the heat flux vec

tor (qj) take the form:
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fdu^ aujA . <?u.

K  aT

PrPraXj

The total energy per unit volume , E, is defined to

be:

E=p(e+iu^Uk
For notational convenience, the Einstien summation

convention has been made use of.

To apply the above equations for an axisymmetric prob

lem, the following changes are imposed on the two-

dimensional equations. First, a source term must be

included in the Y-momentum equation:

RHS„,.RHS2,*i

where

1
'7a-U=-V + U^+ Vy

Lastly, everywhere the two dimensional divergence

(Ux+Uy) appears in the viscous terms, they are replaced by

the axisymmetric divergence. Note that it has not been

found to be necessary to modify the implicit part of the

numerical algorithm.
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When turbulence is required, the algebraic turbulence

model based on the Thomas formulation [28] of the Baldwin

and Lomax model [29] is used. The viscous coefficients

are modified as follows:

total =

total _ ̂  T
Pr Pr Pft

where [ij is the turbulent viscosity and Ptt is the tur

bulent Prandtl number.

The model is made up of two major parts: an unbounded

flow model and a bounded flow model. The unbounded flow

model takes each coordinate line for each coordinate

direction and divides it into sections determined by the

location of boundaries and vorticity zeros. Within each

section the turbulent viscosity is calculated as

= Repl V

V = la)

[Max(|Ui|)-Min(|Ui|)]

l"jl = VUfcUk

where is the value of the vorticity at the point

where |Uj|a) is a maximum, and l,, is an adjustable constant,

The vorticity is defined as usual:
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00= I Vjj-Uyl

These turbulent viscosity values are smoothed to alle

viate sudden changes in viscosity levels.

The bounded flow model is applied near no-slip bound

ary surfaces and replaces the unbounded flow values with

bounded flow values of the turbulent viscosity between the

boundary and the point where they match. The formulation

is as follows:

= Repl V

ci = V(x-Xw)^ + (y-yw)'

VRep wood^

V = loo

where U is the Von Karman constant and A+ is the Van

Driest constant; variables subscripted by "w" are evalu

ated at the boundary.
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