Air Force Institute of Technology

AFIT Scholar

Theses and Dissertations Student Graduate Works

12-1994

Investigation of Boundary Layer and Performance Effects of
Transpiration Cooling through a Porous Plate in a Rocket Nozzle

David N. Keener

Follow this and additional works at: https://scholar.afit.edu/etd

6‘ Part of the Aerodynamics and Fluid Mechanics Commons

Recommended Citation

Keener, David N., "Investigation of Boundary Layer and Performance Effects of Transpiration Cooling
through a Porous Plate in a Rocket Nozzle" (1994). Theses and Dissertations. 6329.
https://scholar.afit.edu/etd/6329

This Thesis is brought to you for free and open access by the Student Graduate Works at AFIT Scholar. It has been
accepted for inclusion in Theses and Dissertations by an authorized administrator of AFIT Scholar. For more
information, please contact AFITENWL.Repository@us.af.mil.


https://scholar.afit.edu/
https://scholar.afit.edu/etd
https://scholar.afit.edu/graduate_works
https://scholar.afit.edu/etd?utm_source=scholar.afit.edu%2Fetd%2F6329&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/222?utm_source=scholar.afit.edu%2Fetd%2F6329&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholar.afit.edu/etd/6329?utm_source=scholar.afit.edu%2Fetd%2F6329&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:AFIT.ENWL.Repository@us.af.mil

INVESTIGATION OF BOUNDARY LAYER AND
PERFORMANCE EFFECTS OF TRANSPIRATION COOLING
THROUGH A POROUS PLATE IN A ROCKET NOZZLE

THESIS
David N. Keener, Second Lieutenant, USAF

AFTT/GA/ENY/94D-3

This document has been cppxoved.
for public releass and sale; ita
distribution is uniimited

DEPARTMENT OF THE AIR FORCE
AIR UNIVERSITY

AIR FORCE INSTITUTE OF TECHNOLOGY
— ]

Wright-Patterson Air Force Base, Ohio




AFIT/GA/ENY/94D-3

Fpem L
NTIS Coa \i

DT:C 1. i
Unarncu: !
Justification '

By

Cnatibution |

INVESTIGATION OF BOUNDARY LAYER AND
PERFORMANCE EFFECTS OF TRANSPIRATION COOLING
THROUGH A POROUS PLATE IN A ROCKET NOZZLE
THESIS
David N. Keener, Second Lieutenant, USAF

AFIT/GA/ENY/94D-3

Approved for public release; distribution unlimited




AFIT/GA/ENY/94D-3

INVESTIGATION OF BOUNDARY LAYER AND
PERFORMANCE EFFECTS OF TRANSPIRATION COOLING

THROUGH A POROUS PLATE IN A ROCKET NOZZLE
THESIS

Presented to the Faculty of the Graduate School of Engineering
of the Air Force Institute of Technology
Air University
In Partial Fulfillment of the
Requirements for the Degree of

Master of Science in Astronautical Engineering

David N. Keener, B.S.

Second Lieutenant, USAF

December 1994

Approved for public release; distribution unlimited




AFIT/GA/ENY/94D-3

INVESTIGATION OF BOUNDARY LAYER AND
PERFORMANCE EFFECTS OF TRANSPIRATION COOLING

THROUGH A POROUS PLATE IN A ROCKET NOZZLE

THESIS

Presented to the Faculty of the Graduate School of Engineering
of the Air Force Institute of Technology
Air University
In Partial Fulfillment of the
Requirements for the Degree of

Master of Science in Astronautical Engineering

David N. Keener, B.S.

Second Lieutenant, USAF

December 1994

Approved for public release; distribution unlimited




Preface

This investigation brings the AFIT Low Speed Shock Tube back into use on a study of the
effects of transpiration cooling on the boundary layer in a Mach 2.0 nozzle. The experiment was
performed in parallel with a heat transfer reduction study carried out using the same equipment.
The focus of the study was characterizing the effects that the increased boundary layer thickness
had on the performance of the nozzle in terms of boundary layer displacement thickness and exit
Mach number. This is the first in a new series of experiments that are to be run on this nozzle,
and a great amount of headway has been made during the course of this project. That headway
would not have been possible, however, without the help of several people.

Many thanks go out to my advisor, Dr. Rodney Bowersox, and Lt Col Jerry Bowman for ”
their knowledge of the subject, the wide berth allowed me to perform my work, and answers to all
my questions. Thanks and appreciation go to Mr.Tim Hancock of the AFIT Machine Shop for his
excellent work on the model. He was asked to do many unfamiliar things and did so with
professionalism, creativity, and precision. Also, Mr. Andy Pitts and the other members of the
AFIT/ENY Laboratory Staff receive thanks for helping with all the hardware concerns
su&ounding this project. Special thanks goes to Andy for his help in setting up the timing circuit
that allowed me great success at taking shadowgraphs.

I enjoyed my time working in Rm.146, and will take all the things I have learned from all
of you and hopefully put them to good use at my next assignment and beyond.

David N. Keener
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Abstract

The effects of transpiration cooling through a porous wall on nozzle performance was
investigated. The experiments were performed in the AFIT Low Pressure shock tunnel. The
tunnel was fitted with a twb dimensional, Mach 2.0 characteristic nozzle with one wall
constructed of porous material. Blowing ratios from 0.4%-1.2% of the mainstream flow were
studied. This study extends current flat plate knowledge of transpiration cooling by including
compressibility and a severe favorable pressure gradient.

Boundary layer growth as a result of the transpiration was measured using flow
visualization, and the effect of that growth on the exit Mach number profile was investigated. -
Analysis of experimental data showed increases of up to 47% in boundary layer thickness with
transpiration, and because the blowing ratios used in this experiment were very low due to
equipment constraints, the resulting trends show no sign of leveling off leaving much room for
continued research of this kind at higher blowing ratios. The results do, however, show that
performance losses due to transpiration are such that transpiration may be a viable nozzle cooling
method even up to high blowing ratios without having large adverse effects on performance.

This study, taken together, with a parallel study on heat transfer reduction using the same
equipment endeavors to begin to characterize the tradeoff between the performance gain due to
heat transfer reduction and the loss due to boundary layer growth in a transpiration cooled nozzle.
Defining the optimal blowing ratio to minimize heat transfer and optimize performance would be

the final goal of such an effort.




INVESTIGATION OF BOUNDARY LAYER AND
PERFORMANCE EFFECTS OF TRANSPIRATION COOLING
THROUGH A POROUS PLATE ON A ROCKET NOZZLE

L. Introduction

1.1 Background

Currently there are quality rocket engine systems and high temperature wind tunnel
facilities in use. Further improvements in the performance of these systems requires higher
operating temperatures. A problem is that, without cooling, operating at higher temperatures
tends to compromise the structural integrity of the thrust chamber. For example, in hypersonic
wind tunnels, for example, erosion of the tunnel wall sometimes occurs due to high operating .
temperatures. Erosion can cause debris to travel down the tunnel that often breaks expensive test
articles because of impact speeds. Nozzle heat transfer and material thermal limitations, then,
remain a limiting factor in the performance of modern rocket engines. Therefore, heat transfer
reduction is the key to improving the efficiency structural integrity of rocket systems, but the
relationship between heat transfer and the boundary layer present in the flow field is also very
important.

Heat transfer and boundary layer thickness in a nozzle are inversely related phenomena
(Hill and Peterson,1992:544). The boundary layer thickness has been demonstrated analytically
by Bartz (1955:1243) to be a minimum at the throat of a supersonic nozzle. In addition, its
thickness at the throat is not highly dependent on its thickness before the throat or the rate of

convergence of the nozzle after the throat (Hill and Peterson,1992:545). This means that in




virtually every case, the boundary layer thickness will be a minimum at the throat of a nozzle, and
this is a very important point in relation to heat transfer.

A turbulent boundary layer provides insulation to nozzle walls that makes heat transfer to
the walls less than if no boundary layer were present. The thicker the boundary layer, the more
insulation it provides, and the lower the heat transfer through it. This is the inverse relationship
mentioned above, and it implies that heat transfer will be greatest in a rocket nozzle at the throat
because the boundary layer is a minimum there (Hill and Peterson,1992:545). A further
implication is that heat transfer will be a maximum at the throat in nearly every case because of
throat boundary layer thickness being minimum in nearly every case. This relationship has been
validated both analytically and experimentally (Hill and Peterson,1992:551). Actively cooled -
rocket nozzles allow the high combustion temperatures necessary for high performance while
maintaining the structural integrity of the nozzle. Several methods of active cooling have been
employed to address this problem, including regenerative, film, and transpiration cooling.

Regenerative cooling involves pumping a liquid through channels surrounding the outside
of the combustion chamber. This method has been used extensively because of its relative
simplicity and low cost. Also, the heat absorbed by the coolant is not wasted because it augments
the initial energy content of the propellant prior to injection, increasing the exhaust velocity
slightly (Sutton,1992:290). One drawback to regenerative cooling is the additional pumping
requires to force coolant through the coolant lines. This reduces the turbopump’s ability to
pressurize the combustion chamber and leads to lower expansion ratios and associated lower

specific impulses.




Film cooling involves injecting low temperature gas or liquid through one or several
discrete holes in the nozzle wall to establish a protective film on the surface. Because the coolant
is inside the thrus_t chamber, it accepts heat directly, which makes it a more effective cooling
method than regenerative cooling. It is relatively easy to implement and has been used in thrust
chambers for many years (Sutton,1992:294). The drawback of film cooling is that it requires
large injection mass flow rate per unit area (10-300% mainstream flow), which can cause thrust
losses due to disturbance of the primary flow (Azevedo,1993:44).

Transpiration cooling is essentially the limiting case of film cooling because it involves
pushing gas or liquid uniformly through an area of porous wall material (Sutton,1992:294). It can
be thought of as an infinite number of film cooling ports with zero distance between them. .
Though the concept is similar to film cooling, the effects on heat transfer and boundary layer are
very different because the fluid enters the flow through the porous material at very low velocity
and does not cause as great a disturbance to the flow field. This cooling technique has been
successfully used for cooling injector faces on the moon launch vehicle and the Space Shuttle
Main Engines, but it has not been used in cooling the thrust chamber or nozzle regions of large
rocket engines. Due to the steep pressure gradients along the inner wall of the nozzle, especially
near the throat, proper cooling requires a variable porosity and/or thickness wall material. The
manufacture of large, complex shapes of porous materials is a difficult problem, and has been a
great challenge to transpiration cooling in this region (Sutton, 1992:294).

As mentioned above, transpiration cooling has been used very little in practice, and no
generalized analytical relations exist for the prediction of heat flux or boundary layer growth in

configurations with pressure gradient, as in the case of supersonic nozzles (Beitel, 1993:49). It is




possible that heat transfer rate reduction similar to or better than film cooling can be realized with
decreased flow disturbances, indicating that transpiration cooling could be a more attractive
method than film or regenerative cooling. Therefore, this investigation proposes to study the
effects of transpiration cooling in a supersonic nozzle on boundary layer growth and performance

at low blowing ratios.

1.2 Problem
Transpiration cooling has a significant effect on the turbulent boundary layer structure

while being a very effective way to protect surface from hot mainstream flow (Kays and

Crawford,1980:179,223). Semiempirical relationships have been developed for predicting the -

effect Qf transpiration on turbulent boundary layers over a flat plate, and additional data has been
taken to validate these relations. As mentioned above, transpiration cooling has been used very
little in practice, and only practical data will show its true benefits. Heat transfer rate reduction
with transpiration cooling may be similar to film cooling, and because of decreased flow
disturbances, reduced performance loss for the same heat transfer reduction could be achieved.
Therefore, transpiration cooling could be an attractive alternative to film, but practical data is
needed to show this benefit.

The pfoblém addressed here, then, was the lack of knowledge of the effects of
transpiration cooling in supersonic nozzles because data of this type was needed to show how
transpiration cooling could improve current rocket systems. Specific parameters that were
investigated include boundary layer thickness, exit Mach number, and specific impulse, all of

which affect the performance of the nozzle.




1.3 Summary of Current Knowledge

Since the goal of this research was showing the effect of transpiration on boundary layer
thickness and performance, previously collected knowledge in each category was desired for
comparison. The situation here involved a severe favorable pressure gradient (i.e., a supersonic
nozzle), and it appeared that, as Azevedo asserts (1993:43), most studies up to this time had
concentrated on the heat transfer aspect of transpiration cooling. In addition, most of those
studies used flat plates. There was not a wealth of data available concerning the effects of
transpiration cooling on boundary layer growth and even less concerning its effect on nozzle
performance, but following is a synopsis of the information collected.

While transpiration cooling has never made it into wide practice, it is not a new idea. -
Since the 1950s, it has been the subject of research aimed at cooling aerodynamic surfaces subject
to high heating (Kays and Moffat,1975:224). Aerojet has dealt in systems employing porous
surfaces since 1946, and in 1967 they fired the Aerojet ARES to demonstrate the technology.
This system produced 445 kN (100,000 Iby) of thrust with a 20.7 MPa (3000 psi) transpiration
cooled thrust chamber. Aside from this, however, transpiration cooled thrust chambers are
virtually foreign to the commercial rocket industry. Research in the area has continued, and a
group at Stanford University collected a large amount of data between 1965-74 that makes up
much of the trémspirétion cooling knowledge base (Kays and Moffat,1975:223).

For instance, Simpson accomplished a study of the boundary layer on a porous wall with
suction and blowing in 1968. His study showed boundary layer growth in both cases
(Schetz,1984:205), and plots from his results are shown in Figure 1.1. In contrast, Antonia and

Fulachier noticed a 23% decrease in boundary layer thickness in the presence of suction
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The lines accompanying the data in Figures 1.1 and 1.2 represent the results of numerical
methods developed by Schetz and Favin for predicting the boundary layer thickness with injection
or suction (Schetz,1984:202,273). Their analysis used the Reichardt eddy viscosity model
extended to injection and applied it to the above cases for their predictions (Schetz,1984:202).
Schetz and Favin’s method predicted very accurately the experimental data collected in Simpson’s
suction case (Schetz,1984:205) and Scott’s blowing case (Schetz,1984:276), but its predictions
were slightly low in the Simpson blowing case (Schetz,1984:205).

The contrasting results of Simpson versus Antonia and Fulachier and the varying results of
Schetz and Favin’s prediction methods point out the complexity of a transpired turbulent
boundary layer. Another result from Schetz (White,1991:435) states that a porous wall actually -
increases skin friction (related to Cs) along a nozzle wall which would decrease the bbundary layer
thickness. This also means that a certain amount of blowing would be required to counteract the
increase in Cr due to the porous plate before any cooling can be achieved (White,1991:436). In
addition to these effects, roughness of a porous surface can also affect boundary layer growth.
Therefore, the conflicting results above are not disturbing because the interrelationships betv;'een
suction, blowing, and roughness are not well understood. Figures 1.1 and 1.2 only show that it is
very difficult to predict the exact effect transpiration cooling will have on a given boundary layer.

An older study by Goldstein, Shavit, and Chen, involved injecting air into air through a
section of porous material on a flat plate. They measured a rapid increase in boundary layer
thickness at the beginning of the porous material with slower increases further downstream
(Figure 1.3). Also, the thickness reached a definite maximum at a point downstream of the

injection point, and far downstream the boundary layer resumed the normal shape of a boundary




layer on a flat plate (Goldstein, Shavit, and Chen,1965:355). The results of the Goldstein et. al.
study provided an indication of what to expect in this experiment as a similar situation existed.
The introduction of a pressure gradient in this research did change the situation, and the results

seen here were quite different.
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Figure 1.3 - Flat Plate Boundary Layer Growth w/ Injection (Goldstein et.al.,1965:356)

The Goldstein et. al. study also points out that when comparing injection ratios it may be
better to compare injection ratio per unit length than just plain injection ratio (Goldstein et
al,1965:355). This may provide a method of relating the results of experiments using different
geometries to each other.

One performance study, accomplished by Azevedo, used three rows of film cooling holes
in a diverging nozzle for injection and measured the effect of blowing on the thrust efficiency of
the nozzle. The parameters investigated in this study included injection angle (15°-100°), nozzle
divergence angle (1°-10°), and blowing ratio (0.01-0.08). Because transpiration cooling is

essentially the limiting case of 90° film cooling, only data for the 100° injection angle case was of




interest because it was the closest to the transpiration condition. Thrust efficiency (C,) was
referenced to the ideal thrust the nozzle would produce under isentropic conditions
(Azeved0,1993:47), and results were reported in terms of AC, from the non blowing to the
blowing case.

Not surprisingly, Azevedo found that injection at 100° caused the greatest AC,: more than
-0.06 or a performance loss of 6% in terms of thrust (Azevedo,1993:48). Some of Azevedo’s
results are shown in Figures 1.4a and b. The largest injection angle caused the largest
performance loss because larger injection angles cause greater flow disturbances, which take more

energy to overcome.

~0.08 ¢

i{a=10",NPR = 11 P -
; ’ Q@ =1°,NPR = 3.0

AC,

% Injected Flow,m,/m,

% Injecied Flow,m,/m,

(a) , (b)
Figure 1.4 - Thrust Losses w/ Film Cooling in a Nozzle (Azevedo,1993:48)

Azevedo’s study applied to this experiment because it gave an idea of the effect that
injection by transpiration could have on the performance of a nozzle. However, Azevedo’s results
were very specific to the geometries he tested because it is very difficult to translate the results of
one experiment involving a pressure gradient to another. Therefore, Azevedo’s results probably
had little bearing on this experiment except as an order of magnitude comparison. It was

expected that results in this experiment would show smaller performance losses than were




reported by Azevedo because the injection velocities were much smaller, which caused smaller
flow disturbances.

In another performance study by Aerojet, a platelet design for a porous wall was used.
This type of design addressed the problem of varying blowing ratios due to varying pressure drops
along the porous wall by decreasing port size with increasing pressure drop. Flow through a
porous wall of uniform porosity wall always seeks the path of least resistance, which is where the
greatest pressure drop occurs. In a nozzle, the pressure drop increases along the nozzle while
temperature decreases. Therefore, flow through a nozzle wall of uniformly porous material is not
directed to the throat, which is the hot spot. A platelet design better directs the cooling flow to
hot spots in a nozzle instead of allowing flow to go to low temperature areas, which do not -
require as much cooling.

The Aerojet study was a combustion study that used transpiration cooling with RP-1
liquid focket fuel as the coolant. It employed injection flow rates from 9.98-61.2 kg/s (22.0-
135.0 Ib,/s) at chamber pressures from 8.2-19.3 MPa (1192-2804 psi) and compared the engine’s
performance to an engine using regenerative cooling. Besides reducing the heat transfer by an
impressive 97%, with transpiration cooling they were able to actually increase the rocket’s
specific impulse by as much as 10 sec over regeneratively cooled systems (May and
Burkhardt,1991:53). Since specific impulse, or Iy, is a pafameter of interest in this -experiment,

this was an interesting result.
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1.4 Objectives and Scope

In one sense, using transpiration cooling in a model with complex geometry and a pressure
gradient made the scope of this experiment broad because it pushed the envelope of current
knowledge. At the same time, however, the scope was necessarily small for the same reason.
Extending the envelope of current knowledge opened up nearly endless permutations of
combinations of porous material thickness, porosity, area, position in the nozzle, and blowing
ratio. This research only hoped to scratch the surface of new possibilities with transpiration
cooling and begin relating the parameters of interest to each other. Test conditions were kept as
constant as possible over the many test runs conducted, and data was collected using a single
nozzle geometry with a single thickness (made up of four layers of equal thickness material) and -
area of porous material over a range of low blowing ratios (0.0 - 0.011).

Within the above scope, the objectives of this research were to understand the differences
between flow over a porous and non porous wall with no blowing, to relate blowing ratio to
boundary layer thickness on a porous wall, to relate blowing ratio to the uniformity and
magnitude of the exit Mach number across the exit plane of the nozzle, and relate the above

results to the performance of the nozzle.

1.5 Methodology

A Mach 2.0 characteristic nozzle was designed and installed in the AFIT low pressure
shock tunnel, which can produce high pressure, high temperature chamber conditions. Chamber
pressure and temperature were approximately 482 kPa (70 psi) and 475 K respectively. One side

of the nozzle (the non blowing side) was constructed with no modifications as a control in the
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experiment, and the other (the blowing side) was modified to accommodate transpiration by
replacing much of the wall with porous material.

The run times in the shock tunnel were very short (i.e., milliseconds) so high speed,
precision transducers were required for data collection. A total of 11 pressure transducers were
used to collect the data necessary for complete analysis of transpiration cooling effects.
Transducers were placed along both walls of the supersonic portion of the nozzle, in the
converging section of the nozzle, in the constant pressure blowing plenum, in a pitot probe for
exit pressure measurements, and along the top of the tunnel for shock speed measurements.

Five data sets were collected during this experiment: one baseline set and four with
blowing. Many runs with no blowing in the nozzle were conducted to refine testing procedures, -
test conditions, and completely understand the model’s flow features at baseline conditions in
terms of chamber conditions, wall Mach number, and exit Mach number profile. Shock speed
was also determined to have a large effect on chamber conditions during this phase of the
experiment. Chamber conditions, wall Mach number, and exit Mach number data were also
taken with blowing for comparison with baseline data. As mentioned earlier, only low blowing
ratios were considered.

Another source of data besides the transducers was shadowgraph photography
accomplished during this experiment because they were the only source. Shadowgraphs were
used during the baseline phase of the experiment to visualize the initial shock wave propagation
through the nozzle, initial start up dynamics, established flow, and unstart dynamics. These
photographs were also used to estimate the run time of the nozzle. In addition, the effects that

the porous wall without blowing had on the flow field were determined from the photographs.
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Boundary layer thickness measurements were taken from shadowgraphs of established flow at
each blowing ratio to see the effect of transpiration on the boundary layer thickness. Finally,
shadowgraphs prov_ed useful at other times for solving data collection problems.

Transducer data for each run was reduced using computer programs written specifically
for this experiment. Run times varied slightly for each run, which did cause variations in the
results. The calculated average values for data presented here include a Student t 99%
confidence interval.

Blowing ratio was defined throughout this experiment as:

L[ py 1 pU,
= | g Y Pit 1-1
B=-] Dllsn T ns (1-1)

where: B = blowing ratio
s = arc distance along blowing area
p = gas density
u = gas velocity
i =injected gas condition

~ = freestream gas condition
This definition for blowing ratio was chosen because it removed area dependence from

the calculation, and it took into account the recommendation of Goldstein et. al. (1965:355) that

using a blowing ratio per unit length is better than just blowing ratio alone.
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IL. Theory

Before embarking on the study of transpiration effects on boundary layer thickness and
performance, some boundary layer theories related to this study should be reviewed. Specifically,
this study was interested in the effects of boundary layer growth in the presence of a favorable
pressure gradient on the performance of a nozzle. Therefore, only theories leading to boundary
layer thickness calculations are reviewed here. First, however, some facts and basic boundary

layer relations should be reviewed.

2.1 Turbulent Boundary Layer

Prandtl first introduced the concept of a viscous boundary layer in 1904 and showed that a
flow field could be broken into a thin viscous layer near the wall and the freestream, which is
essentially nonviscous (Hill and Peterson,1992:95). Since then, knowledge of the boundary layer
has flourished, and distinctions between laminar and turbulent layers have been made as well as
characterization of the transition from one type to the other. This review will concentrate on
turbulent boundary layer theory because this type of boundary layer was expected in this
experiment.

Engineering applications such as airfoils, inlets, and turbine blades that can have a
turbulent boundary layer almost always perform better because of the superior pressure recovery
that can be obtained with turbulent over laminar boundary layers. Therefore, it is generally
advantageous to have a turbulent boundary layer. Turbulence is a very complex phenomenon,
and completely analyzing it is a nearly impossible task (White,1991:394). There is currently no

purely analytical treatment of turbulence, and therefore, understanding it depends on experimental
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observation (Hill and Peterson,1992:111). Equations have been developed semiempirically to
deal with turbulent boundary layer analysis, but as more data was collected, the basic boundary
layer equations were extended. These extensions provided tools for dealing with turbulent
boundary layers in a variety of situations including the transpired boundary, which was of interest
here.

The equations given in the following development assume a steady, two-dimensional,
incompressible boundary layer. Also, this development can be found in a more complete form in
Hill and Peterson (1992:102-105). The development begins, as always, with a control volume
(Fig 2.1) and th¢ continuity 