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PREFACE

This report is the seventn issue of the Air Force Academy Aeronautics Digest.* Our poticy i< 1o wrint
articies which represent recent scholarly work by students and faculty of the Oepartment of Anrorautics
memhers of other departments of the Academy and the Frank J. Sciler Research Laloratory, rescarchors
directly or indirecty involved with USAFA-sponsored projects, and authors in fields of intorcct + the

USAFA.

In addition to complete papers, the Digest also includes, when appropriate, abstracts of lengthicr
reports and articles published in other formats. The editors witl consider ftor publicaticn contriuutions in
the general field of Aeronautics, inciuding:

s Aeronautical Engineering
Aerodynamics
Flight Mechanics
Propulsion
Structures
instrumentation

* Fluid Dynamics

¢ Thermodynamics and Heat Transfer

¢ Biomechanics

s Engineering Education

e Aeronautical History

Papers on other topics will be considered on an individual basis. Contributions should be sent to:

Editor, Aeronautics Digest
DFAN
US Air Force Academy, CO 80840

The Aeronautics Digest is presently ecited by Maj A.M. Higgins, PhD; Capt F.M. Jonas, PHD; Maj E.J.
Jumper, PhD; and Capt J.M, Kempf, PhD, Department of English, who provided the tinal editorial review. Gur
thanks also to our Associate Editor, Barbara J. Gregory, of Contract Technical Services, lnc.
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* The tirst five issues of the Digest can be ordered fyom the Defense Documentation Center (DDC). Cameron
Station, Atexandria, VA 22324. Use thc following AD numbers: Aeronautics Digest - Spring 1978
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THE MASS FLUX SURFACE BOUNDARY CONDITION
FOR LINEARIZED POTENTIAL FLOW

F.M, Jonas*
Abstract

¥ This paper discusses and demonstrates mathematicalily the use of consistent boundary conditions when
oy solving equations which approximate real fluid flow relationships. In particular, potential flow equations
are examined and appropriate boundary conditions are presented. Furthermore, these exact potential flow
equations are simplified by assuming smalt perturbations to the flow field about a body, and boundary
conditions consistent with this approximation are developed. The paper closes by presenting an analytic
solution to the linearized small perturbation potential equation, or Prandt|-Glauert equation, for the
idealized flow about an eiliptic cylinder. This solution is obtained only after the successful application
of consistent boundary conditions.
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Potential flow theory has been a useful tool for aerodynamic engineers. Potential flow theory, of

course, is based on the assumption that a given fluid flow is inviscid (frictionless) and irrotational

-

(i.e., the fluid elements may deform but may not rotate as they move with the fluid). Although potential

e

flow theory represents a highly idealized condition which actual fluid flow never achieves, the

e

. mathematical equations which are derived from the idealized theoretical condition can be used by engineers
’ ; to provide accurate estimates of some of the aerodynamic forces generated by a body as it moves through a
real fluid. These aerodynamic forces include: lift, pitching moment, and inviscid drag-due-to-lift.

Due to the increased sophistication of computer technology in recent years, aeronautical engineers
X have demonstrated a renewed interest in developing numerical techniques that can be used along with the
equations derived from potential flow theory for practical analysis of aerodynamic fiuid fliow phenomena. ]
This renewed inferest is largely due to the fact that the use of these numerical techniques and modern
v computers can, in combination, solve difficult potential flow problems that arise from fluid flows around
) very complex aerodynamic shapes such as a complete aircraft or a specific missile configuration. For
! compressible (subsonic or supersonic) fluid flows the most useful method that has been used to date for
predicting the inviscid aerodynamic characteristics of aeronautical designs or arbitrary configurations has
. been the distributed surface singularity or panel method (Ref., 1-3).
'1 Classically, ana!ytical methods for evaluating potential fluid flows such as the pane! method have
been based on a further assumption that the disturbances created by an aerodynamic body as it moves through
the fiuid are smaiil (i.e., the changes in velocity of the fluid as it moves around the body are small
compared to the free stream velocity). This assumption serves as the basis for thin airfoil/slender body
theory and is a reasonable assumption for most streamlined aerodynamic shapes. Making this assumption
altows one, through physical reasoning, to reduce the exact mathematical expression describing potential
fiow, which is a highly non!inear equation, to a |linear equation. The Prandt|-Glauert (P-G) equation (or

the linearized potential equation) results from the simplitying assumptions of thin airfoil theory and is an

*Captain, USAF, Assistant Professor of Aeronautics, DFAN
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approximation for analyzing the aerodynamic performarce of slender or thin bodies in subsonic or supersonic

fluid flows. The P-G equation, and the exact mathematical expression describing potential flow from which
the P-G equation is derived, are both expressed as second-order partial differential equations. As such,
two boundary conditions must be specified before one can obtain a specific solution describing the
potential flow field about a given body. These two boundary conditions are specified where the thecoretician
or engineer knows something (or can make a reasonable assumption) about the fluid flow as it interacts with
the body of interest. Normally the two boundary conditions are specified at (1) the surface of the body of
interest, and (2) far away from the body of interest. For the first boundary condition, since the potential
flow is frictionless, it is reasonable to assume that the velocity or surface flow must parallel the
surface (for real fluids with friction or viscosity we know that this boundary condition is specified by
requiring the velocity to be zero at the surface). This is called the no-slip condition for frictionless
flows and can be restated by requiring the velocity vector of the fluid flow normal to the surface of
interest to be zero. This is the velocity surface boundary condition (VBC). For the second boundary
condition far away from the body it is reasonable to assume for both frictionless and real fluids that the
disturbances created by the body disappear (or at least remain finite, small, and do not grow).

In the process of arriving at the approximate formulation of the potential flow field about an
aerodynamic body, as represented by the P-G equation (i.e., the reduction of the exact mathematical
expression for potential flow from a nonlinear tc a linear equation when one assumes small perturbations),
to be consistent one needs to apply the same reasoning to the exact mathematical formulations of the
boundary conditions. This is indeed done in thin airfoil/slender body theory and one arrives at an
approximate formulation of the velocity surface boundary condition to be used in conjunction with the P-G
equation. The boundary condition far away from the body, however, remains the same as exactly formulated.
In an attempt to obtain more accurate solutions to the P-G equation (solutions which represent the velocity
field about the body of interest and thus the resulting distribution of surface pressure), especially when
using numerical techniques, some have resorted to using the exact and not the approximate surtface boundary
condition.

It is the purpose of this paper to demonstrate that a more consistent boundary condition to apply at
the surface of interest when using the P-G equation (i.e., consistent with the approximation implied by the
P-G equation) is not the exact velocity boundary condition, but an approximation to the mass fiux surface
boundar y condition (MFBC). The mass flux boundary condition requires that there be no mass flowing through
the aerodynamic surface.

The reasons for using the mass flux boundary condition and not the exact velocity boundary condition
at the surface of interest in conjunctionwith the P-G equation will be developed in the following manner.

First, the exact mathematical formulation describing the potential flow of a fluid will be presented

showing the problem formulation to be highly nonlinear. The exact mathematical expressions for the surface
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boundary condition (velocity and mass flux) and infinity boundary condition (far away from the body of
interest) will also be presented. Next, the assumption of small perturbations will be infroduced, and the
resulting approximate equations (i.e., the P-G equation) derived. This process is necessary to arrive at
the formulation of the problem as most commoniy presented and applied. The velocity surface boundary
condition wifl oniy be presented in its exact formulation as the approximate formulation has already been
thoroughly developed and veritied (Ref. 4) in thin airfoil/slender bodv theory applications. At this point
an attempt to obtain an analytic solution to the P-G ecquation for an elliptic cylinder (two-dimensional)} in
subsonic compressible flow will be made, applying the exact velocity surtface boundary condition and then
the appropriate mass flux surface boundary condition. {t will be shown that an analytic solution can be
successfully obtained only by applying the latter surface boundary condition (the infinity boundary
condition remains unchanged). Finally, the analytic solution, in terms of the surface velocity distribution

at a zero-lift condition, will be presented for selected Mach numbers.

11. Statement of Exact Problem

The steady, inviscid, irrotational (potential) flow past an arbitrary configuration (Figure !) is

—
formulated in terme of the velocity potential, ¢, where the velocity V = V®as follows:

A. Governing equation (governing the flow field or velocity about the body)

2
2 L . v - (m
V2% = e [v -V ( 3 ) ]

where the local speed of sound at any point in the flow is given by

a? = a2 --(l—;-—ll vz - u2) %3
Y 4
y n
)

\ SURFACE DEFINED BY
F(x,y,2)= 0

Fiqure 1. Axis System Rotation
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Eqn. (1) is a sccond-order partial differential equation which requires that two boundary conditions be
specitied before one can attempt to obtain a solution. Two convenient (ocations to specify boundary
conditions arc at the surface of interest and far away from the body.

8. Surtace boundary Condition

Velocity (vBC):

? cn= 0 on F(x,y,z) =0 (3)

Eqn. (3) requires the velocity to be parallel to the surface or that the velocity vector normal to the
surface is zero (inviscid or frictionless flow).

Mass Flux (MFBC):

pV + A =0 on F (x,y,2) = 0 (4)

Egn. (4) requires that the mass fiux perpendicular to the surface be zero or that there is no mass flow
into the body.

C. Fluid boundary condition at infinity (far away from the body)

Ve—U_i at infinity )

This requires that any disturbances in the fluid due to the presence of the body disappear when one gets
very far away from the body.

Note that the velocity boundary condition (Eqn. (3)) and the mass flux boundary condition (Egn. (4))
at the surface differ only by the inclusion of the local density, p, which changes the physical
interpretation of what is being imposed at the surface. At first glance this difference appears
superfluous. Since the fluid is assumed to be a continuum (no hofes), and subsequently the density of the
fluid is nowhere zero, then one can climinate density from Egn. (3) making the two surface boundary
conditions identical. In fact, if Eqn. (1) could be solved exactly at every point in the flow field, and
since the density of the fiuid is not zero anywhere, then the standard velocity boundary condition should
be enforced. Eqn. (1) cannot be solved for arbitrary confiqurations, thus one must resort to an approximate
method. One approach is to use numerical techniques, such as finite difterence, to solve E€qn. (1) with the
appropriate boundary conditions for a given confiquration. For this case the velocity boundary condition
(Egn. (3)) is used at the surface (Ret. 5). Another approach is to solve an equation which approximates

Eqn. (1), The Prandtl-Glauert or |inearized potential equation is an example of this latter technique. It

is the purposc of this paper to show, with respect to the P-G equation, that the mass flux boundary
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condition (Egn. (4)), with its subsequent approximations, is the correct boundary condition to apply at tre

surface in order to obtain valid solutions.

The exact problem can be restated in terms of a non-dimensional perturbation velocity potential, ¢,

where

¢ =UL (x+¢) 6)

The problem is nondimensionalized to permit application of perturbation thecory as presented in the next

i section. The length, £, represents some characteristic body length (such as the chord length) which also is

123 ;
;ai used to non-dimensionalize the coordinate directions (x,y,z). The reason for infroducing *the perturbation K
K i :
%gﬂ parameter ¢ is to measure directly the effects of the body on the fluid. The gradient of the perturtiation :

ge. ! velocity potential, V¢, thus represents the perturbation velocity components (u/U,, v/U,, w/U,} because of i

‘«; the presence of the body. Replacing the local speed of sound in Egn. (1) with Eqn. (2) and rewriting Eqns. :
i E (1, 3-5) in terms of the non-dimensioral ized quantities resul+ts in:

R )

g A. Governing equation

L y+1 1

=2 L0+ Do+ (L5=00 + (15— ) + )10,

2
: (=M o b+,

: +1 y-1 2 2
2 L = Do+ (L5060 + (5= (o) + 0D 1e

yy

- 12 [or - Do+ (LELye + (L3102 + 4D,

2 -
’ M DOy + 0000, + (6, 0000, + 000]
-? : B. Surface boundary condition

Velocity (VBC):

- - .8)
‘ 1+ ¢x)nx + oy ny + ¢znz 0 on F(x,y,z) 0
| |
'i Mass Flux (MFBC):
s 0 F( ) =0 (9) |
a: [(1 + ¢x)nx + ¢yny + oznz] = 0 on F(x,y,z !
.. f
l
where .
[ - 3F - 3E - 3E
! n o~/ JvF|, ny = 3y / |vrl, n, =3/ Jvrl
C. Fluid infinity boundary condition 1
V¢ —» 0 at infinity (10) 5
.
]
6 |
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Eqn. (7) dramatically shows the highly nonlinear nature of the problem. Analytic solutions for

arbitrary confiqurations cannot be obtained and one is forced to seek numerical or approximatce solutions.

f1i. Small Perturbation Theory

Probably the most used approximation of Eqn. (7) for compressible flow is the equation that results
when one assumes that the body to be analyzed is thin or slender and the resulting perturbations are small.
Since ¢ represents the perturbations due to the body (e.q., change in velocity due to presence of the
body), one can examine the relative magnitude of terms in Egn. (7) and neqlect those that are small based

on physical reasoning. The governing equation resulting from this assumption (Ref. 4 and 6) is:

2
+ + 0 1
8 Qxx ¢yy ¢zz = an
(Note that this approximation is linear.)
where
2 2
g% = 1 - M
Eagn. {11) forms the basis for thin airfoil/siender body theory and predictive inviscid aerodynarics,
and it is valid for subsonic or supersonic potential flows. It must be rcmembered that this equation
applies to small perturbations and will yield valid solutions only in those regions where this assumption
is valid (Ref. 6). Note that for incompressible flow (M—0) Eqn. (!1) is exact regardless of the body;

for example, Eqn. (11) is identical to Eqn. (7) for incompressible flow.

IV. Boundary Conditions

In order to obtain a solution fto Eqn. (11) one must apply the appropriate boundary conditions at the
body and fluid infinity. it would be idea! to apply boundary conditions such that the problem could be
transtformed to an equivalent incompressible fiow problem (Laplace's equation), which has known analytic
solutions. The application of thin airfoil/slender body theory accomplished this and provided
aerodynamicists the first opportunity to make accurate estimates of the potential flow ticld about
arbitrary configurations, especially those immersed in a compressible fiow. With the advent of computer
capabilities and associated numerical! techniques such as the panel method (Ref. 1-3), thc emphasis has been
on the application of more exact boundary conditions (as opposed to thin airfoil theory), ospecially at the

surface of the body. The most obvious candidate is the exact velocity boundary condition or:

(1 + ox)nx + ¢yny + ¢znz = 0 on F(x,y,z) = 0 (12)
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Fan. (7), the exact qoverning equation, is a mathematical statement that represents the conservation
ot mass (ftne continuity equation). An approximation of this cquation, such as the P-G equation (Eqn. (11)),
goes not assure mass conservatiocn. |f we use Eqn. (11) and appty the VBC (Egqn. (12)) at the surface, we
still have not assured continuity. Chin (Ref. 7) has claimed that to obtain analytic solutions to the P-C
eguation, it is necessary to reintforce this lost continuity condition by imposing the zero-mass flux
condition at the surface (MFBC). In fac), it appears impossible to transform the P-G cquation to Laplace's
equations and simultaneousiy maintain a zero-net ftiux condition through the closed-body streamline (Ref. 7)
when trying to obtain analytic solutions, unless one uses a consistent approximation (to the approximation
imptied by the P-G equation) to the mass flux surtface boundary condition, Eqn. (9). (This is demonstrated
in the next section as appiied to the elliptic cylinder.) It can be shown that this consistent

approximation derived trom Eqn. (9) (Ref. H=8) is
( +BZ¢ n +¢é¢n +¢é6n_ =0 on F(x,y,z) = 0 (13)
1 x) X Yy z z (x,y,2)

This then is the boundary condition to he applied at the surface when using the P-G cquation. This
mass fiux houndary condition approximation differs from the velocity houndary condition by the inclusion of
82, and is identical for incompressible flow (82=1). The boundary condition to be applied at fluid
infinity requires that the disturbances due to the presence of the body disappear, or as previously

presented

V¢ — 0 at infinity (14)

The problem now is well pnsed, and thus one is quaranteed that analytic solutions exist.

It shoutd be noted that the necessity for applying the mass flux boundary condition in thin
airtoil/slender body theory does not arice (although tor higher order approximations it may He necessary).
This is because the x=component of the perturbation velocity (ox) in Egn. (12) (VBC) is neglected (Ret. 4)
in the surtace boundary condition, and thus when one also neglects this term in Eqne (13) (MFBC) the two
boundary conditions bhecome identical. Whether or not this is fortuitous, it illusirates rhe use of a
houndary aondition consistent with the assumptions made in the derivation and applicetion of thin

airfoil/slender body theory.

V. Elliptic Cylinder in Subsonic Potential Flow

To iltustrate the necessity for applying the MFBC approximation, Eqn. (13), as opposed to the exact

VBC, Lqn. (123, when solving the P=G equation we will attompt fo_obtain an analytic solution. The protifem

tn be solved io the nontitting elliptical cylinder (two-dimensional) in subsonic potential flow as shown in

R

<~ ez
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—> - X

F(x,y)=x2+(y/e )> -1=0
Fiqure 2. Elliptic Cylinder

Figure 2. First we will apply the exact VBC, then the MFBC approximation, demonstrating that a valid

analytic solution can only be obtained in the latter approach.

The approach involves transtorming the problem (Egn. (11) with cither the VBC, Eqn. (12), or the MFBC,

Egqn. (13), applied at the surface, and the infinity boundary condition, Eqn. (14)) fo the flow about an

equivalent circutar cylinder in incompressihble tiow or

929 = 0

V - n =0 on surface, circular cylinder

! vV—» U, at infinity
i At this point the known solution about the circular cylinder can then be transformed back to the elfipse in
& compressible flow. This in essence involves eliminating the B2 terms in Eqns. (11) and (13) through a

’: coordinate transform and a transform of the perturbation potentia! function ¢. If successful, the final

» step will be to apply the Joukowski transform, mapping the equivalent ellipse to the known solution about a
i circular cylinder in incompressible flow. First let us consider the statement of the problem applying the

': vBC at the surface:

> 7

A. Governing P-G cquation for two-dimensional flow

2 = 1
B, ¥ ¢yy 0 (15)
B. Exact VBC (nx~x, ny~y/€2)
(L4000 + 6 (y/e?) = 0 0on FO,y) = x4 (y/e)* - 1 =0 (16)
L
o C. Infinity boundary condition
i
¢x—o 0, Oy-—-—DO at infinity (N

Applying the P=G coordinate transform, X = x/8 (B # Q) results in:
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- + =
";‘(x °yy 0 (18)
g | (1 + 4 $0(BR) + 0 (y/c®) = 0 on F(Ryy) = (6O + (y/e)* - 1 = 0 (19)
M
5 ¢ >0, ¢ —>0 at infinicy (20)
R | Now let §= ¢/8, resulting in
col.]
g,
-
i - + =0 (21)
ol Xx yy
-
o 1+ 5@ + 38, (y/e) = 0 (22)
E
B $.—*0, $.—>0 at infinity (23)
. X y
2
E Finally, let & = X +9, resulting in
T+ =0 (24)
| XX yy
v} Ei & + Ey (y/e?) =0 (25)
!
Sx-—» 1, Ey-—'o at infinity (26)
)
. The problem has becn successfully fransformed to an incompressible f'ow problem, However, upon
i examining the surface normals in Eqn. (25) we see that the surtface boundary condition is satisfied on the
surface specified by
. F(xyy) = %2 + (y/e)2 -1 =0 (27)
. Fx,y) = (x/8)% + (y/e)’> -1 =0
! and not the original surface specified by the following equation:
(28)

F(X,y) = (BR)? + (y/e)? - 1 =0
F(x,y) = x> + (y/e)? -1 =0

10

w
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Thus, while one may obtain a solution that appears correct, since both surtfaces tiave The same maxirun
thickness (only the chord tengths are different) and yield approximately tho same maximum velacity, it is
clearly for the wrona surface.

Now let us attempt the same problem applying the MFRC at the surface. The statement of the protiler is
as follows:

A. P-C equation

sz¢xx + ¢yy =0 (29)
B. Approximate MFBC
(1 +876) () + ¢ (y/€7) = 0 on Flx,y) = %" + (y/e)® - 1 = 0 (20)
C. Intinity boundary condition
¢,—>0, ¢, —>0 31

Applying the P-G transformation, x = x/B (8 # 0), results in

.- = (32)
¢xx + '»yy 0
(1 + s¢i)(s§) + by (y/e?) = 0 on F(x,y) = 0 {33)
¢;(——'0. ¢y—~o at infinity (34)
Now fet &= B¢ , resulting in
0;; + ¢yy =0 (3%
(1 + 8 (B%%) + 6 (y/c?) = 0 on F(x,y) = 0 (36)
;> 0, 6y—+0 at infinity (0
11 .




-~

USAFA-TR-81~11

Finally, let b= ox + 5, resulting in

-~ + 0 =0 (38)
XX yy
&si (82x) + &y (y/e?) = 0 on F(x,y) = 0 (49)
$. -—=1, ¥ —>0 at infinity (40)
x y

Aqain, the problem has heen successtu!ly transtformed to an incompressible flow nrotlem, but this time for

the correct surface:

F(x,y) = (Bx)2 + (y/e)? -1 =0 (41)

or

F(x,y) = x2 + (y/g)2 -1 =0 (42)

One can now proceed to transtorm this probfem to the known solution about a circular cylinder in

incompressible flow using the Joukowski transform., The resulting analytic solution (Ref. 6) is

P V71

¢(xvy) = % }

1+ Rz}— -gf + constant (43)

where

1 2
k = s Ml - (Be) (44)

p = y2+(—)B(—+k)2 (45)
q*/y2_+(%_—-k)7 (46)
p=Pta (a7
e=P"9,, (48)

(l + Be
R = ———‘-“l ~ Bc (P " [p2 -1 ) (49)

~— e Ip———T T L

4
|
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As demonstrated, this problem cannot be successtully transformed to an equivalent incompressible flow
problem for the same or given surface using the exact VBC. An analytic solution is successfully obtained
only after one uses a consistent approximation {(to thc approximation implied by the P-G equation) tc tne

MFBC at the surface. It may be concluded from this that the attempt to usc the more exact VBC at the

THIN AIRFOIL THEORY

(a)

10 - 5-50% CHORD

€ =0.1
V/Ud) 0.5 - Moo= 0
Y T LA L A LI 1
(b) /T""N AIRFOIL THEORY
1.0 J 5~50% CHORD
0-5%
CHORD

V/U,

05 € =0.1
. M. 0.5
T T T T T
(c) 14

/THIN AIRFOIL THEORY

5-50% CHORD

« 0.1
M= 0.8
05
I 1 LR 1 T 1 )
0 095 0908 06 04 02 O

[x}

Fiqure 3. P-G Solution, Two-Dimensional Etlipsr, MFBC, € = 0.1,
(a) M, = 0; (b) M = 0.5 (c) M, = 0.8

13
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surtface in numerical techniques solving the P-G equation may lcad to incorrect resulis. Thercfore, 1o be
consistent one should apply the MFBC at the surface tor compressible flows. This applies to any surface and
is not peculiar to the ellipse.

In Figure 3 the sotution (Eqn. (43)) is presented in terms of the total velocity, V/U,, where

v /___—E—_—?
TJ:_ (l+¢x) +°y (50)

tor an elliptic cylinder,e = 0.1, at freestream Mach numbers of 0, 0.9, and 0.8.

For comparison, the thin airfoil theory sofution (Ref. 6)

Y . £ 1
i 1+ €/g (51)

is shown in these fiqures and represents an asymtotic limit for the more exact solution using the MFBC. For
incompressible flow the MFBC solution is exact, as shown in Fiqure 3a, whilc for compressible flows
(Fiqures 3b and 3c) the MFBC solutions are approximations to the exact problem. In Figures 3b and 3¢ the
velocity at the stegnation points (|x| = 1) is not zero but some finite value. This is not an errcr,

but it is consistent with the approximation implied by the P-G equation, since the perturbations are no
longer small in the stagnation reqion (V=>0). In fact, the perturbation velocity componenf,@x or u/U,, is
on the order of the freestream velocity in this region. The tact that small perturbation thecory breaks down
in this region has been noted by many investiqgators (Ref. 6, 9-13) and is dramatically illustrated by the
resulits of thin airfoil theory tor al!l Mach numbers. This result does not hinder the calculation of
inviscia 1itt or pitching moments but is of concern for inviscid draq calculations (Ref. 6, 9-12). If one
attempted to numerically apply the VBC, tre velocity at the stagnation point would be forced to zero for
all freestream Mach numbors. Atthouah this is physically true, one must ask if this is a reasonable result

of a metho? hased on small perturbations.

Vi. Conclusions

it has been successtul iy demonstrated that in the effort to obtain more exact solutions to the
Prandti-Glauert equation, one should apply the mass flux boundary condition approximation at the surface
and not the exact VBC. This boundary condition approximation (MFBC) is consistent with the approximation
implied by the Prandti-Glauert equation. The fact that one cannot obtain analytic sclutions to the
Prandti-Glauert cquation using the exact velocity houndary condition has implications concerning the
validity of solutions obtained using numerical techniques which solve the P-G equation apptying the exact

velocity surface houndary condition.
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Symbols
a speed of sound
Fix,y,2) sur face equation, F(x,y,z) = 0
2 characteristic length
M Mach number
n outward surface normal
u velocity
v velocity
(u,v,w) perturbation velocity components in Cartesian coordinates system
(x,y,2) Cartesian coordinates, unit vectors (i,j,i)
g2 1 - M2
Y ratio of specific heats
€ thickness parameter
[ density
¢(x,y,2) perturbation potential function
¥{x,y,2) Potential function
© freestream conditions
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A NUMERICAL INVESTIGATION OF THt t7ft7°TS OF
FIN PLANFORM PARAMETERS ON THE SUBSONIC CRUIGE PERFORMANCE
OF A SUPERSOMNIC ARPROW WING CONF ICURATION

G.T. Ma.suyama* ang C,t, Lan**

Abstract

RN PP T

A nunerical investiqation was conducted to assess the aerodynamic effrcts of indeperdentiy
leading edge sweep, taper ratio, and aspect ratio of vertical outboard fins mounterd on g 71 0=rtecroe o
arrow wing. This investigation used the Quasi-Vortex-Lattice Method to sunntement informe*isr froe win®
tunne! tests of the basic wing confiquration and was performed tor a Mach nurber of 8% ant o 1if*
coefficient of 0.263. The results indicate that adding the fin to the basic wina conficuraticn alwave
decreases the wing root bending moment and increases wing aeradynamic etficiercy, except when the tin
leading edge sweep angle is less than aprroximately 40 degrees and is mounted with its ront chor
intfersecting the wing teading edge. It the fin is shifted att at a constant spanwise position the root
bending moment decreases.

1. Introduction

Because of the potential for achieving greater litt-to-drag ratin (L/D) or aerocynamic efficiency,
aeronautical engincers and aircraft designers are devoting increased research to arrow winag contiquraticns
rather than delta wing confiqurations for use in supersonic transport aircraft (Ref. 1). The achivvenent of
an increased lift to drag ratio is important since it would mecan that a particular aircraft design would
provide a greater range potential.

For example, an arrow wing with vertical fins mounted inboard of the winatips has become a subject for
recent investigations by NASA. After prefiminary testinag this desiqgn appears to be advantageous hecause of
its increased L/D ratio., The addition of the fins not only helps to increase L/D, but they also contribute
significantly to the directional stability of the aircraft. An example of an arrow wing mode! wit-out fing
is shown in fiqure 1. A simitar arrow winq-hody model with a span of 40 inches has been tested in tha
Boeing Transonic Wind Tunnel and the NASA-Ame. Unitary Wind Tunnel at Mach numbers from (0.4 t-~ 2.5C (Re*.
2). In addition, tests at the Boeing facility have been conducted with a tin planform ani relative size as
illustrated in Fiqures 2 and 3 (Ref. 3). However, there has been no informatinn published recar 'ina the
effects of the fin pianform parameters (sweep, taper ratio, aspect ratio) on the subsonic cruien

pertormance ot an arrow wing. Thus, the purpose of the rescarch described in this paper was to detormine

the etfects of fin planform parameters on the subsonic cruisc performance of an arrow wing confiquratisn,

AR 2 1.65
X =0.10

Fiaqure 1. Basic Arrow Wing Planform and Fin tocation

*Lt. Col., USAF, Tenure Associate Professor of Aeronautics, DFAN
**Profes,or ot Aerospace Engineering, University of Kansas, Lawrence, Kansas
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~—— Present Case
~ - —-Sample Variations P

AE Variation A Variation AR Variation
S, A, & AR Constant S.A{g. & AR Constant S\, & A g Constant

Figure 2. Basic Fin Planform with Parcmetor Variations

Present Case
Fin LE at Wing 3c‘- : 0.0 Fin LE at Wing % : 0.15
[+

Figure 3. Fin Mounted with Leading Edges and Trailing Edges Aligned

1. Scope of Investigation

The investigation was focused on determining the effects of changing leadina edge sweep angle, wing
taper ratio, and the aspect ratio of the fin pfanform, and determining the resulting aerodynamic
per formance for a given arrow-wing configuration. Each of these parameters werc independently varied while
the other two parameters and the fin planform area were held constant. In addition, the investiqation was
conducted with two different chordwise fin locations on the arrow wing. The fin was mounted at a spanwise
location of y/(b/2) = 0.725 for both cases where the expression b/2 represents the semi-span of the wing.
in the first fin position, the leading edge of the fin touched the leading edge of the wing, i.e., x/c =
0.0 where c represents the wing chord. In the second fin position, the fin was set back from the wing's
leading edge at x/c = .15, The fin leoding edge sweep was varied from O to 8L degrces, the taper ratio from
0.0266 to 1.0, and the aspect ratio from 0.734 to 8.0, For taper ratio and aspect ratio variations the
smalter number represents the limit where the fin root chord is equal to the local wing chord. The hasic
arrow wing of Fiqure 1 was uscd for this investigation, while typical fin planform variations are shown in

Fiqure Z. Figure 3 shows the two tin positions investigated. Figures 1, 2, and 3 also depict the bhaseline

tinned-wing confiquration as the "present case."

11t, Method of Analysis

The entire analysis was performed using the Quasi-Vortexsd, attice Method (QVLM) described in Ret. 4 and
in .he Appendix. The QVIM is a numerical method (pane! method) based on linearized potential flow thecry
which assumes that a fluid (air) is frictionless and irrotational. Furthermore, the fluid disturbances

created by a body are assumed to be small in comparison to the frce strecam velocity. (n using the QVIM the

st
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wing planform is first divided into chordwise and spanwise regions or pancls. Then, horseshoe vortices are
placed in each panel to mode! the aerodynamic effects of the wing on the flow field. The QVLM uses a
spanwise constant vortex distribution on each panel. However, it differs from other vortex lattice methods
(VLM) in the manner in which the chordwise vortex distributions are allowed to vary (Ref. 4 and Appendix).
Since the method assumes a frictiontess fluid flow about a body, only the effects on 1ift and pitching

moment are examined to determine changes in aerodynamic efficiency.

IV. Computer Program Modification

The QVLM exists as a Fortran computer code on the Honeywel! 66/60 at the University of Kansas. This
code is a 2100-1ine program which handles straight tapered and double delta planforms with or without
winglets and/or flaps. Camber coordinates may be input, and linear twist is allowed. For purposes of this
investigation, the program was modified to allow for a vertical fin mounted inhoard of the wingtip, and
experimental data for a cambered and twisted arrow wing (Ref. 2 and 3) was used as a benchmark for proqgram

verification. Camber for the flexible wing is specified by

-z .A(-x—)3+B(-:—)2+C(—-:—) +D + -5-73'—3 [l-sec{ 6 —’é—”;

N c \‘ 57.3 P
v v n
basic camber aeroelastic camber

where 2y/b

~
[]

>
"

0.1 (V - 2§) + 0.03
B = -0.0825 (1 -~ 2y) - G(y¥) - 0.10V
C =0.0275 (} - 2y) + 0.0075 - A - B
D = -0.0075 (1 - 2y) - 0.0075
G(y) is the twist distribution in radians
For this investigation only the basic camber in Eqn. (1) was included since the wind tunnel models were
made of rigid steel (Ref. 2),

Twist information was only available in graphic form as shown in Figure 4. A seventh order polynomial
was titted to the twist distribution with reasonable accuracy. |t should be noted that the twist axis is
located at x/c = 0.75 ot the wing. The resulting twisted and cambered planform is showa in Figure 5, where
the curvature has been exaggerated by a factor of B tor clarity.

Numerous computer runs werc made with the moditied program to verify this computer code against wind
tunne! data. Cambered and twisted wings, as well as flat wings, were investigated. Both confiqurations were
tested with the fin on and oft. A study was also conducted to detormine the minimum number of control
points necessary for reasonable accuracy. Since computer processor time varies with the square of the total

number of control points per halfspan, cost considerations dictated that thc analysis be conducted with the

19
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b oo :
~—Given
Twist e —Twi . 1. 3.61004 ¥
deg) _, N wist : -.05041+ 3610047
- Y -36.980465% 3779204y
\\ +6.543217-15.46932§°
&, =7
.2 _ py -:000857%.00441y
NL 7
-3 \i‘\k~
-4 Tt
-5
o) 01 02 03 04 05 06 07 08 09 10
2y o
b

Fiaure 4. Span-Wisc Twist Distribution cf the Arrow Wing

CAMBER EXAGGERATED BY FACTOR OF 8

Fiqure 5. Arrow Wing with Twist and Camber (curvature exaqacrated by a factor of 8 for clarity)

minimum number of points required for reasonable accuracy.

V. Computer Program Verification

Table 1 shows the seven control point distributinneg that were investicated., For the twistod, carborod

wing with fin on, both distrit tinns and 4 were ysed to investigate the [ift coefficient and the spoan

loading, Fiqure 6 stows 1ift curve behigvior, and Fiqura 7 shows span Inadina characteristics. Cy, *he

normal fnarce coefficient, is comparnad to O, the 1itt coctticient, whore the two forces reflect difforences

only because they are measured in reference frames which diffor

in oricntation by the angle of attack, .

Oy Ard Cpoare similar for low values of a. Cinure 8 srows ittt curve bebavior tor o flat wing with fin or ay

20
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i, Table 1
B CONTROL POINT DISTRIBUTIONS
-
| No. of Strips | No. of Strips No. of No. of
3 Distribution Inboard Outboard No. of §trips Vortices Elements Per
y | of Fin of Fin on Fin Per Strip Halfspan
B
- ! 1 7 5 5 5 85
by
b | 2 8 6 6 5 100
EY: .
1 3 8 7 7 5 110
R |
r | 4 8 6 6 6 120
G | 5 7 5 5 9 153
6 8 7 7 7 154
]
7 8 6 6 8 160
f;;
* | Wing With Twist & Camber
‘ cN Fin On
H ‘ 03} © Experimental Cy, (Ret 3),M:z04
& CL ——QVLM C,, &GﬁxGﬂZO}M-Oass
---QVLM C/, 7,55x5:85_f
o2 |
= ‘ — ] —
o -4 10 o
i (deg)
!
Fiqure 6. Lift Curve of tha Twisted and Cambered Arrow Wing
with Fin On at Low Mach Numbers
i
|
’ {\ wing With Twist & Camber )
c Fin On, « : 8°
CNE o Experimerta’ CN%, Mz:0.4, (Ret 3)
03 |- .
. } — QVLM C &, 8,66 x6:120
CL.g_ g } M:0.399
. ©ozf  TTOUMCGT. 7.55x5:85 - Fin Location
o ( gx_
— S a__ S— L= 725
01} 6 !
| ©
l’“\m
0 1 I L= 1 i L1 L 1
o] 041 0.2 0.3 04 05 0.6 0.7 [oX ) 0.9 1.0 2y

fiqure 7,

)

Span Loading of the Twisted and Cambernd Arrow Wing with fin On at Low Mach Numbers
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<. ) Filat Wing
M: 0.85
@ Experimental Data, Fin Off
05 - Round LE, (Ref 2)
-—- Potential Lift (FLEXSTAB)
Fin Off, (Ref 2)
0.4 o
QVLM, 755x5:85
03} ——Fin Oft °
-~-Fijn On
0.2 - .
W
01 |
0 1 | i A ] 1
[o] 2 4 6 8 10 12

a
(deg)
Fiqure 8. Lift Curve of the Flat Arrow Wing with
Fin On and Off Versus a Potential Flow Model and
Experimental Data at M = 0.85
well as with fin off using distribution 1. These results show good agreement with results from another
potentiaf flow model (FLEXTAB) and cexperimental data (Ref. 2).

Bocause the QVLM utilizes a linear, attached flow alqorithm, the fin parameter etfects would be
additive to either the flat or cambered and twisted wing. Thus, a flat wing model was used to investigate
these fin eftects. Computer runs were then made with distributions 1, 2, 5, 5, 6, and 7 identified in Table
1 using a flat wing with a fin at a Mach number of 0.85 and an angle of attu:xk of 6 degrees. The results of
spanwise sectional lift characteristics and bending moment characteris’ s ae uv ¢ in Figures 9 and 10,

and overall wing lift coefficients are tabulated in Table 2, Discon* ruities in 1he curves of Fiqures 7, 9,

and 10 occur at the wing semi-span location y/(b/2) due to the presence of the fin.

G A Flat Wing, Fin On {
Mz0.85 |~ Fin Location
oa | a: 6 C ol
QVLM Data b
03¢
b
o2

!
!
|
}
)
|
|
|
6 Control Point |
01 Schemes Plotted |
|
}
I

A . L 1 [ 1 L. L

o I L
L] 01 02 03 04 05 06 07 08 09 .0

ol

Fiaqure 9. Span-wise Sactional Lift Coefficients for
Six Control Point Distributions

et
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[ |

i3
i3
4

7 CB Fiat Wing, Fin On
! a: e° .
0.08 QVLM Data
o 0.05 | 6 Control Point
3 Schemes Plotted
f‘. 0.04 |
B '
4.1 0.03 + |
N I :/Fin Location
3 | o0z 1 | 2 725
: | b
g 001 {- |
’3‘ |
% 0 L I ] 1 | L | ol |
y © 01 02 03 04 05 06 07 08 09 10 ,
v. S—
I8 b
e Fiqure 10. Spanwise Bending Moment Coefficients for
- 3K Six Control Point Dis*ributions
-9 A Table 2
;_ COEFFICIENT CHARACTERISTICS FOR SIX CONTROL POINT DISTRIBUTIONS
: ‘. ; AT M = 0.85, = 6 DEGREES, AND FIN ON
Iy |
e/ VALUES
i1
13
/, Distribution CL CDi Cy
X 1 (7,5,5, x 5 =285 ) .19762 .00753 .053994
= 2 (8,6,6, x 5 =100 ) .19785 .00754 .054071
E: ‘ 3 (8,7,7, x 5 =110) . 19808 .00752 .054188
." 5 (7,5,5, x 9 = 153) .19828 .00772 .054168
6 (8,7,7, x 7 = 154 ) .19913 .07762 .054529
1
7 (8,6,6, x 8 = 160 ) . 19900 .00765 .054422
Average .19833 .00760 .054229
VARIATIONS VERSUS AVERAGE VALUES
Distribution ACL(%) aCp, (%) 8C4 (%)
1 ( 7,5,5, x 5 = 85 ) -.36 -1.05 -.43
2 ( 8,6,6, x 5 = 100) -.24 - .79 -.29
3 ( 8,7,7, x 5 = 110) -.13 ~-1.05 -.08
5 (7,5,5, x 9 = 153) -.03 1.58 -. 11
6 (8,7,7, x 7 = 154) .40 .26 .55
7 (8,6,6, x 8 = 160 ) . 34 .66 .36
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From these results, distribution 1 was chosen for the fin effects investiqation. Note that this
represents a reduction in computer processor time by a factor of 1.67 when compared with the 110 elarert

scheme, and a factor of 3.5 when compared with the 160 element scheme. (Typical processor time with 85

control points is 33 seconds on the Honeywell 66/60.)

VI. Numerical Results and Discussion of Fin Effects

The analysis was performed for a flat wing at an anqte of attack of 8 degrecs and a Mach number of
0.85 using distribution 1, This yielded a 1ift coefficient of 0.263. The baseline wing efficiency factor,
€ and root bending moment coefficienT,CBb, for a tlat wing with fin otf under thesc conditicns was
obtained as €p = 0.9604 and CBb = 0.0738 respectively.

For the fin leading edge sweep investigation, eight cases were run with the fin leading edae at x/¢ =
0.15 of the wing, and seven cases were run with the fin at x/c = 0.0 of the wing. Results of this analysis
are shown in Figure 11, where the "present case" data point reflects the confiquration depicted earlier in
Figures 1, 2, and 3. These results show that the addition of the fin increased the wing efficiency and
decreased the wing root bending moment for all fin leading edge sweep angles between 0 and 80 cdeqrees when
the fin was mounted with its leading edge at x/c = 0.15 of the wing. Mounting the fin at The wing leading
edge degraded both wing efficiency and wing root bending moment. The present confiquration with A o =

LE

degrees of the fin yields the lowest wing root bending moment. The increase in wing efficiency associated

7.2

with the aft-fin configuration is most likely due to the increased lcading edge suction on the fin from the

strong sidewash produced by the tip vortices.

} roe
£
eb
1.06 M:=0.85
’ o= Q8o
S Flat Wing
g 1.04 - © Present Case
b — Fin Aft
——~Fin Fwd N £
1.02 F e =TT &y
Y o — — LA . 1 !
TS - — \\\\ .
o.98 |- 3 -
~
Bb
0.96 r
P
o r I i i { i | 1 1
o] 10 20 30 40 50 60 70 80 90
Fin Alg—
(degq)
Fiqure 11, Effect of Fin Leading Edae Sweep Variation on

Arrow Wing Efficiency and Ront Hendina Moment
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[P

The fin taper ratio investigation was performed using 11 cases at both the forward and att fin
J positions. Results of this investigation appear in Fiqure 12. 0f tnhe three fin paramefers investigatoed, the
fin taper ratio had the least effect on both wing cfficicncy and wina rant bending moment. Again, tho att
fin position displayed both higher wing efficiencies and lower wing bending moments than the

torward-mounted case.

¥ - 1.08 -

; f Flat Wing © Present Case
be f € M:0.85 — Fin At

% €p 1.06 r_ a:8° --~Fin Fwd
o Cg 104 |-
B 1 _ —_ X ™~
-3 (o - - €
By - h N -
102 e~ €
Nl -

o

1.00 1 ] i 1 ] | ] ] )

‘ T S e
L \ Co
¢
g 0.96 J.- CBb

‘o ) r 1 1 L1 L 1 1 I 1
0 041 02 03 04 05 06 07 08 09 10
Fin A —=

K

- 2ok

. Figure 12, Effect of Fin Taper Ratio Variation on
Arrow Wing Efficiency and Root Bending Moment

’ 1.08
!
’ £

Flat Wing ®
| Cg 104 F M:o‘.)BS
. E— =8
; Bb o Present Case
‘ 1.02 |- Fin Aft

~—~Fin Fwd

1.00 1 1 l il | 1 L | A

3 4 5 6 7 8 9 10
Fin AR —=

Fiaqure 13. Effact of Aspect Ratin Variation on Arrow Wing Efticiency
and Ront Bending Moment
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, The stight nonlincaritics at a fin taper ratio () of 0.12 for the aftt-mounted casc and X = 0.4 in
|
] Figure 12 for the forward-mounted case were first thought to be anomalics resulting from an intertercnce
]

f” ’ pattern befween the fin and vortex control points. Subsequent investigations involving ditterent control

point schemes confirmed their existence, and thus they remain unexplained.

‘L i Fin aspect ratio variations were investigated by examining 10 cases at both the forward and aft tin
positions. Results of this investigation arc depicted in Fiqure 13. Again, the aft-mounted fin exhibited
hiaher winq efficicncies and lower wing bending moments, Of the three paramcters investigated, variation of
the fin aspect ratio in the range of 0.73 < AR < 4.0, resulted in the qreatest rate of increase in wing
efficiency. For the case investigated, increasing the tin aspect ratio from 1,017 to 1.5 will result in an

increase in wing efficiency and a decresse in wing bending moment.

Vit. Conclusions
The effect of varying fin plantorm parameters on the subsonic cruise performance of an arrow wing was

investigated using the QVLM. in qeneral, mounting the tin aft at the 15-percent wing chord position is more

;i. advantaqgeous than mounting it at the lcading edqge. In the aft position, the presence of the fin always
, improved wing efficiency and decreased the root bending moment of the wing as compared to an unfinned wing.
’; j The present confiquration is nearly optimal for the cruise condition investigated. Within the constraints
;V . of the variations investigated, the present fin leading edge swecep of 71.2 degrees provides the lowest wing
Tf ! root bending moment, while fin taper ratio appears to have little effect on either wing efficiency or wing
:' bending moment. Increasina the fin aspect ratio to 1.5 will increase the wing efficiency and decrease the
‘ wing root bendina moment.
4
’ Symbols
: ' AR aspect ratio
: ) agy two-dimensional influence coefficient matrix
’ C leading edqe singularity parameter
C local chord
. c mean aerodynamic chord
B Cs spanwise bending moment, usually at the wing root
. CBb wing root bhending moment, fin off
cy sectional 1ift coefficient
Cp wing lift coefficient
Cn normal force coefficinnt, two- or three-dimensional
Dik three=dimensional influence cocfficient matrix
iis camher slope
I%
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M Mach number
‘ N number of vortices, control points, or vortex strips
i S wing plantorm area (reference area) or leading edge suction force
:% w upwash, normalized with respect to free-strcecam velocity
; ’ X chordwise coordinate of a control point, normalized with respect to tocal chord
b x/c chordwise coordinate, normalized with respect to focal chord
J z/c vertical coordinate, normalized with respect to tocal chord
]
?}} 2y/b spanwise coordinate, normalized with respect to wing semi-span
.
?% 1 a angle of attack
“?g € wing efficiency factor, fin on
B €y wing efficiency factor, fin off
s
o Y vortex density, normalized with respect to free stream velocity
T I\LE leading edge sweep angle
? ; A taper ratio
v L]
‘i' . 9 polar coordinate of a contro! point
Vi 8 polar coordinate of a vortex element
: : £ chordwise coordinate of a vortex element, normalized with respect to local chord
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i E
Antendix
The Quasi-Vartex=Lattice Method (QVLM) !
15 understand what & vortox taitice nothod is, let uc examine some fundamental concepts of thin
- . R . . .
. yirtoil theory (Lircarized potential flaw). This theory postulates that the camber line of a lifting
; qur foce (tuo=dirgesicoal thaw) ic replaced with & vortox distribution represcented by Y(x), which models the
ctfect of the airfail an the fiow finld, In order to detormine the unknown vortex gistribution, Y(x), it is |
Ve soressary 1o apply a houndary conaition, i.o,., the surface boundary condition which specifies that the
3
- vilnaity normal to the surface is zern at the camber linoo A furtter approximation places the vortex
4
% |
P
A distribation on the chordline, The surface houndary condition from which we determine the unknown Y(x)
R
i Lurich reauires the velocity nermal to the camber tine tc be zern) is usually given as 3
.1
. 3z
: -— = a-W (A1)
A N 3x
3 Sz,
where = stope of the camber line
'r Ix
by a = fren stream anqgle of attack
v ! w = downwash
, Tne downwash then can be represented as
)
1
'- LI
- 1] 1()dE
{ —_— A2
. wix) = 2nJ o x=- £ (A2)
!
E: shere Y(£)= vortex density Y at a chordwisce element location, §,
¢ and normalized as Y = Y/Vq ,
’
[ = chordwise location of the vortex elament, and
! x = chordwise location of the point of observation
(control location) to satisty the surface boundary
condition,
1 ant the equation requiring solution is a singular integrat cquation given as
, 3z
c
lfY(E)dE - a - (A3)
2nJ o x~ & 3x
. Trig eantion Qs sinqular in thoe integrand hecause the danominater ons to zero when x = £, and thus the
. irtanra) is ungefined (Cauchy sinquiarity). The unknown is Y(£) whore the bar notation has been drobped.
i Sotutinng af Fan, (A3) 2an be nhtained numerically by both QVLM and VLM, However, the inversion of Eqn.
(A4)Y for 7 (x) may be obtained anafyticatlly by applying Carlemann's formula or Sdhngen's inversion formula 1

(Ref, 6) which reqults in

! dz
a2 [l=-x __c £ dE c
Y{x)} - " fu [a = (5)] (=% x-F + _— A
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Applicatinn of the Kutta condition at the trailing odoe requires that ftto constant of intearation te saro,

or

¥(l) =0 — C =0 (A5)
However, the remaining terms indicate that the Cauchy sinqutarity as well s squdre roat sinquleritics at
the leading edge (x = 0) and the trailing edqe (x = 1) are still present in the solution of Y(x). Also,

evaluation of the integral tor aqeneral camber lines (azc/ax in the inteqrand) is usually difficult (se:
Egn. (1) for the camber expression and Fiqure 5 to fturther appreciate the complexity of the nresent
investigation). Therefore, numerical paneiing methods arc usually employed to solve Eqn. (A3) becausc ot
the difficulty involved in analytically integrating Eqn. (A4) for complex shapes.

Earfy VLMs addressed overall aerodynamic characteristics of the airfoil such as ¢, and cp but could
not predict chordwise pressure distributions accurately. Also, the square root sinaularity at the leacing
edge (See Eqn. A4) precluded leading edge suction effects from beinq accurately determined. The QVIM, on
the other hand, eliminates both the leading- and trailing-edqge sinqularities as wel! as the Cauchy
singularity. This method is briefly outlined here, showing how these sinqutarities ar» eliminatec. This
removes the need to correct the results for regions where our solutions are undefined and therefore the
modeled flow field corresponds morc closely to the real flow field about a body.

Using the transtormations

x =% (1 - cosh) (AS)
and
£ =% (1 - cosb") (AT)
Eqn. (AZ) becomes
1 /™ y(8') sine'de’
= - — Y 0 2 8any CY A
w(®) 21rfo cosB - cosf' (h8)

which may be expanded into two inteqrails by adding and subtracting the integral of Y(9)sin%/2- (crsy -

cns8" or:

" 46"

o cos® - cosf' (A9)

w(8) = - _Lfﬂ Y(6') sind’ - y(8) sin® 4ot - Y(8) siné f

21 J o cosd - cosd' 27

The second intogral in Eqn. (AS) is zero by Glavert's formula, and the eguation therefore becomes simply

1 7 y(8') sind' - y(8) sin® ..,
w(®) 2n fo cosf - cosf’ dé (AYC)
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Significantly, fthis downwash integral has neither the Cauchy sinqularity in the case where 8= 8', ncr the
square root singularities at the leading or trailing edqe. The latter sinaularities arc resolvea ty the
presence of sin® . Hence, the integrand is finite everywhere on the interval 0 < 8< 7, g the infegral may

therefore be represented as a finite sum using the midpoint trapezoidal rule. Letting

g(8) = v(8) sin® (A1)

the midpoint trapezoidal rule allows the following formulation of the inteqral cxpression:

2 o cosf - cosf

T 6' - (e)
Ww(0) = - — Jr Ei__l___é__j Y

(A12)

- &) 3 [__s(@-v ) ) 8@

2 N k=1 cosf - cos ((Zk - 1) %) cos8 - cos ((Zk - 1) _ZWT)

Noting that the g(8) in the numerator of the second term of Ean. (A12) is constant with respect to the
summation, the theory of Chebychev polynomials is applied to fix control point locations (i.e., 8 values)

such that the second term vanishes, The result is summarized by

% ]
N Yk X (1 - xk)

1 ‘NC, i=0
wixg) = 5 3, ——————— ¢ (A13)
S o, i+0
where X = vortex locations
1
=!§[:1-cosj Zk'l)"}_l ,k=1,2, ... N (R14)
I 2N
x4 = control point focations
- [1 - cos {—1“1}] ,1=0,1,2, ... N (A15)
and C is the leading edge sinqularity parameter defined as
C = lim yv(x) x% (A16)

X —0

This semicircle system of vortex and control points (points where the surface boundary condition is

satisfiad) is depicted in Figure Al for the case where N = 4, When put into mctrix form, tne system of

equations may be solved as




W - ew
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{wiile s[aik]NxN {Yk}Nx

1
where
3z,
et )
and
b Y
1 X (1 - xk)
ik T 2N X, - X
z } ® Vortex Point
T X Controi Point

Figure Al. An Example of Vortex and Control Point Locations
wWhen N = 4

The unknown Yk's can then readily be determined by solving Eqn. (A17). Once they have been determined,

leading edge singularity parameter becomes

- %
c - wix)) , L 55 I - x
N N o e

and the leading edge suction force may then he obtainerd as

(AR

the

(A1)

(A21

The simplicity of this method belies its eleqance. Unlike early conventionial voriex lattice methody “asca

on the threc-quarter chord theorem, this method (with a continuous loading scheric) yields & choriwise

pressurc distribution and leading edge suction term in accordance with linecar aerodynamic theory.
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The tun-dimensional flow model is readily extended to o three-dimensicnal ilow mdtei with the
assumption that the vortex distribution is stepwise continuous in The spanwisce directiss only, For the
present problem of a wing with a tin, the senicircle method was applied To two sections Cf the wing and
also over the tin in order to divide the nlanform into vortex strips as shown in Fiqure AZ. Here, the
vortex censity Y, at a finite number of points on the planform is determined from the wing tangency

condition:

zw(xiyi) : - = [Dik] - :YkEle (A22)

whore Djk cquals the downwash influence coefficient matrix, and where N is the total number of control

points distributed over a half-span planform (from Egn. (A19)). After the inversion of Egn. (A22) to

deterninc the Yk's, sectional coefficients arc obtained by assuming that the vortex distribution ties atong
the camber |ine. These are then infeqrated over the wing span fo obtain totsl ift and moment ccefficients,

as well as Jeading adqge thrust coefficients and inducced drag coefficients.

Ccommon
Border
to 3 Strips

|

t
M S — = x x--é;:—-x4$-x x X ¥
0 I_~Vortex__' Control 1 2y

Strip Section >

Fiqure A2. Span-Wise Vortex Strip and Control Point Locations
for Arrow Wing with Fin
This method has heen used with notatie success (Refe 5). For the prescnt investigation, an existing
computer program was modified to allow a vertical fin tc be mounted inboarce of the winctip ant to
incorporate the camber and twist of the arrow wina. The nethod was extunded to compressibie tlow by

applying th: Prandt!=-Glaucrt compressibility correction. W
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AN IMPROVED METHGD FOR CALCULATION OF STATIC THRUST
FOR THE USAFA J-85/13 TURBOJET ENGINE

M.K. Reagan®, P.D. Thorniey**, and A.M. Higqgins***

Abstract

This paper investiqates the reasons why there has been a 25~percent ditference between the calculated
and measured thrusts obtained when testing the General Electric J-85/13 turbojet engine installed in tihe
sropuision test cell at the United States Air Force Academy. Previously, the loss of compressor bleed air
wat neglected in the thecorctical thrust calculation. In the present analysis the mass flow out of the
chyine exnaust nozzle was measurcd which allowaed the flow of air through the compressor blecd valves to be
letermined. Jsing tnis new method, resultant calculated thrust values are now within 22 percent ot actual
neasured values for engine speeds up to 95 percent of the engine's maximum RPM. At 100 percent engine RPM,
the difference betwcen calculated and measured thrust increases to nine percent, Further study is
recommended toomors accurately determine the total and static pressures and gas propertivs at the exit
et ot The J=bb/ 135 engine at 100 percent RPM to reduce tne differential between calculated and measured
thrust.
I Infroduetion

The General Eloctric J=89% turbojet engine is the primary powerplant for the Northrop T-38 trainer and
F=5 tiohter aircratt in the bnited States Air Force inventory. A particular model of this engine, the
J=0h/ 15, bs instalbled in T propulsion test cell at the United States Air Force Academy and is used as an
irstructicnal it for stulents studying aircratt propulsicn. The primary use of the engine is to help a
teginning student understand 1he basic principles of propulsion. To accomplish this, the student observes
the engine during operation, records various engine temperatures and pressures, and then uscs the measureo
vatues to predict such ongine performance data as thrust and air mass flows. Until recently the difterence
tetween the student's theoreticaltly predicted value of thrust and the value of measured thrust hus been on
the order of 20 to 25 percent. This magnitude of error was considered unacceptable ana, in fact, often led
tne students To guestion either the instrumentation in the test cell or the validity of the basic eguations
used to calculate the engine's thrust. We therefore sct out to determine the reasons for this wide
ditference between theoretical or predicted thrust of the J-85 engine and the thrust value actually
measured. Our epproach not onty was to examine the various data readings for accuracy (e.g., measured
thrust), tut also to question the various assumpticns used in deriving the equation used to calculate
engine thrust. Previousty, we had assumed that the air mass flow entering the compressor face added to the
fuel mass flow equalled the gas mass flow through the engine exit, i.e., we assumed that the mass tlow
through the compressor hleed valves (Megy) and air leakaqge (MhyoggEs) were minimal and could be nuglected.
uoon closer analysis of the actual engine performance, however, we discovered that these assumptions were
crroneous. Indeed, in order to properly analyze the engire, these mass flows had to be accounted for.

Theretore, we redeveloped the ecquation for calculating engine thrust and took thesc leakages of air into

account.

Rener Licutenant, USAF, Rescarch Assistant, UFAN
ACaptain, USAF, Assistant Professor ot Acronautics, DFAN
Mg jor, USAF. Associate Protessor of Acronautics, DFAN
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The General

inCcorporates an cignt-stage, high=it1, oxial

annutar-type combustion system, variatle inlet quide vanes, ana

brediric

J=6Y

attorurning cngice

PRV

flow compr .o

s

Coang,r -

The engine consists of the tollowing sccetions: front frame, compros o,
*

diffuser, afterburner, variable exhoust nozzle, and enqgine accesnorics (Fiur.
engine itselt, two more parts deserve

the engine., The purpose ot the nozsle

desceription. A bell-mouth nozote

i

0
)t

HE

i to provide a steady, one=dinenci

comprassar, Attached to the nozzle is a protective mesh screen which prove

ingested

belt-mouth nozzsle and screen

attached is shown

ir Fioure 2.

Sant

ra

i

o

into the engine and causing serious stouctural danmaae. A photograph of o

PR
N .
1 N
l | t
t troac
r ot
LT it fr

fhe test cell

listed in Table 1. Notice that tre furbine inlet temporature, To,,
temperaturcs enconntereed at the bureer

Snd the uncertainty of measar ing an average o temper ature withonut

bigure o

P equipped to measure various engioc perforecan o par

Tor derive the thrust

thrust derived

Lovyine Trdet Stewing Saroen (A), Bt Mg

ot a

from the momentum cgquation

Ledpra:

(Rerf

Lor Bh

exit which ¢aus

/)
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|
L)

b, F = m;U; - mUg + (P7 - Po) A7
£
? ' Here F is the engine thrust, m,l, is the momentum flux out ot the endgire, Mgug i T
. !
_"_"' . the engine, Py is the static pressure at the engine exit (nuszle), g is th
-
. is the nozzle area. Assuming that the static pressure at the wdit ey
Ey - = P3) so that the flow is perfectly expanded and maximum thrust
¥
s i Egqn. (1):
L‘ ._i' F = l;l']U'] - moUo
;|
e ! Expanding the Uy terms into the product of Mach number and spoecd of soura

F = myUs; - mgMoay

MEETHE R )

io roeclizoe, we

- Table 1
. TEST CELL MEASUREMENTS
A PARAMETER SYMBOL DIMENSIONS
4 Engine thrust F 1bf
4
. Fuel flow mg 1bm/hr
~' ’ Atmospheric pressure Patm in Hg
', Static pressure drop AP in H20
across screen mesh
Total pressure drop AP, in H20
» across mesh screen
‘.
Total pressure at P‘.,3 psig
. compressor exit (gauge)
Total pressure at 1’0~ psig
turbine exit (gauge)
Total pressure at P°7 in Hg
- nozzle exit (gauge)
Total temperature at To, °F
compressor face
Total temperature at To’ °F
at compressor exit
Total temperature at ‘l'o5 °F
at turbine exit
Total temperature at To, °F
at nozzle exit
. Percent of maximum % RPM %
’ engine RPM
Actual engine RPM RPM revolutions
per minute
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Because we are working with a static engine, the Mach number of the air ahcad ot the enainc inlet is

approximately zero and the thrust equation can then be reduced to thoe following expression:

F = msUy (4)

Usual ly the mass tlow rate out of the engine exhaust nozzle, iy, and the exhaust velocity, Uy, are not
measured quantitics in aircraft operations, so Eqn. (4) is manipulated by substituting other ncesured

variables tor fiz and Uy. Oates has done this (Ref. 2) an¢ Egn. (5) result-.

l1-v
P t
2v, R e, 0, —-=£

F=\|——— (m +m - Begy " mLOSSES) E;: To 3T, 1 -\ —5— t (%)

Ye- U
This is the form of the engine thrust equation that stucents in the ac opropulsiun courses at the USAF
Academy usually use and it permits them to immediately determine tne effocte of changing vorious engine
paramcters or environmental conditions. For example, increasing the engine throttle setting increases the
1emperature @t the engine's combustor exit, Toﬁ, and therefore LY (TX = TOM/TO), shich directly incrcases
the thrust of the enginc. We have chosen to simplify Egn. (5) slightly by canceling like terms and obtained

Eqn. (6). We did this because we wanted to eliminate Tgy which was not possible for us to neasure.

(I_Yt) !f

2y R p P

=\/ —— Mo + me — m - m — - — (t
F (mz + mg = mepy = Progees) | T Tos | T\ E v
Yo -1 Pc

In previous years we assumed that the air mass flow rate out of the comproessor biced valve doors,
r;lcﬁv. as well as the air loss rate from the enqine through leakage, ﬁLOSSES' woere nealigible and the iy

term could ve expressed simply as:
m; = mp + g (7,

However, This assunption neglects the eftect of compressor bLleed air on thrust which is not nedligitle. (o
fact, when the bleed valve doors arce open, as much as 2% percent of the entrance mass tiow can be oled tro
tt.c engine. This fuss will significanttiy affect the total enqgine thrust.

Lurina the engine tost runs we observed the comprossor bilecd valves ane concluded that they were tully
Closed at 100 percent RPM. 1f we assume tnat ﬁLOSSES are nealitte at 120 percent RPM) then bgre (7)) can, in
tact, be used to accurately determine the air mass flow at the exite However, Bane (7)) is anly valid at
RPMY, wnore the compressor bileed valves are fully cltosad, and losoes are nealectads At all othier operating

conditions we mutt use the foliowing cquation to calculote the air mass £ w gt The eocine oxits

my = @z + Mg - Wepy = W GogEs o)
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We sce from kqn. (8) that in order Yo calculate engine thrust, we must measure ficgy, ng, and My and

Foo| assume a value for m

! LOSSES" The alternative is to measure f, dircctly. We chose the latter method tecause

B ‘ the test cell is presently equipped to measurce total temperature and pressure at the nozzle exit and it is
} not equipped tu measure &CBV‘ A brict discussion of how the exit macs flow and velocity was calculated is

presented here primarily as o roview for the student.

|
-
B i V. Procedure for Calcufating Gas Mass flow Rate and Velocity at MNozzle Exit
;;;; The test cell is cquipped to measure total temperature and total pressure at the engine nozzle exit.
1;? With the assumption that the static pressure cquals atmospheric pressure at this point, we may solve for
i:% the mass flow and velocity dircctly. Recall that the gas mass flow rate is the product of air density, py,
f:j velocity, Uy, and the nozste arca, Aq, ar:
%
f'.; my = 074707 9)
e At Tthis point in the analysis, let us assume we know the area of the nozzle exit at any c¢ngine RPM. The
7 static temperature of the gas at the nozzle coxit, T,, can be found using:
: Y- !
j 321 . 321 Ye (10)
K Ty 1 47
4.
i j whore Tg, and Poq are the total tomperature and totel pressure of the gas at the exit and Py is the static
A pressure at the exit. We assumed Y, tfo be equal to 1.35. Remember that we have measured Toy and Pg, and
s
assumud'P7 to be equal to atmospheric pressure. After finding T4, we can solve for the density of the
! : ¢xhaust gas directly by assuming it is a perfect gas. Thus,
. Py
= p7 = ——— amn
== R7Ty

We therefore have Pyoand A,, and we nced only Uy to calculate the mass flow rate trom Eqn, (9). We can tind

the nozzle exit velocity, Uy, since we can determine the specd of sound at the exit from Eqn. (12),
dy; = 1/ytky‘h (12)

i The Mach number of the air flow at the nozzle exit is calculated using:

(1rt -1) )
P Y.~
) Y -1 4=t M2 (13)
Py 2

Then with the Mach numboer ang speed of sound known at this exit, the velocity can be calculated directly

from Egne (14):

39




|
1
|

USAFA-TR-81~11

U; = Mray (14)

Trorctore, 1f we measure the total tompersture ang pressure at the engine nozzle exit and we assume
that the static pressure ot the exift eguals atmospheric pressure, tne gas mess tlow, velocity, and finally
tnrust of the engine can e calcutated if we can getermine the nozzle exit area, Ay.

liv a siridar manner, weo can calculate the mass flow and velocity at tue compressor face. To do this we
use pressure prones instolleg directly in front of the engine comprassor to measure total and static air
pressures. At the point whero thesce neasurements are made, the cross-scctional area of the J-85 duct is
1.396 square fect. We also assume that the jnlet is adiabatic so that the total temperature of the air

remains constant through tre intet.

Ve Determinatinn of Parameters in the Thrust bquation

The valucs of cach ot the paramcters in the thrust equation, Eqn. (&), were determined as follows:

A. Gas Properties Upstrean of the Engine's Combustor: Cpc, Yc
Butn the specific heat at constant pressure, Cpc, and the ratio of specific noats, Y., are gas

properties and are assumed to be constant in this analysis. The qgas upstream of the combustor is air. we

use Cp in ¥ne calcutation of the qas constant, R,, and Yc in the isentropic equations relating temperaturc
c

and pressurc. Wo assume The following values for these gas propertics: Cp = .240 BTU/1bm °R and Y. = 1.40,
c

B. Gas Propertics Gownstream of the Engine's Combustor: Cpt,Yt
The gas in this case is a combusted product of air and JP-4 fuel. No work has been done to
determine the exact values of these variables. In this analysis we assumed Cpt = 0.262 BTU/lbm °R and Y, =
1.35 tor all engine RPM settings (exhaust temperatures). These values of Cptand Y are averages based on

the temperature range over which the J-85 operates.

C. Static Pressure at the Nozzle Exit, P,
We assume the static pressure at the exit is equal to atmospheric pressure. This results in

perfectly oxpanded flow which will maximize tho thrust. The test cell prescntly is not set up to mecasure

Pr,

U. Total Pressure at tne Nezzle Exit, Poq
The total pressure at the exit is an averaqe vatue of three Pitot tubes placed in the exit stream,

fhe present locatlion of the proves is a result of a total pressurc map which was done in the surmer ot 1wyl

(Rete 5).
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1)
o Toral Temperaturc of the dozo be Exit, T4
e Total terpoerature ot the exit S an averave value Taken from tour Therrtoe,ul bes Llhaceo ot
The exit stroar. We placed the Thormocouplos approdinmaioly sis inctios toning The sz ho

var ious e ths i

ex it planes We will assume tne tTotal temperature docs not very apirecianbly Gver This cigtance. T

irrersion cepth into the oxit strear was arbitrary.

Fo Nezzle Exhoust Area, Ag
As we axplained oarlier, in orcder To calcutate engine tThrust we must bnow toe nozzbe exit areg ot

all engine aperating conditions. How we measure this quantity is explaineg in the next scetion.

Vi,

o)
-

Since The nozele exit gpening varies with engine RPM, we needed some rnethod to detoernmine the arca

this opening in order to calculate m,.
We decided that a linear transducer mountad on the exit nozzle coule give wus on cutiut voltoge 1hat we
cuutd relate to the exit arca. The variable exhaust nczzle (VEN) moverent is controlled Ly throe soperate

actuator rods. A linear movement ot the rods causes the VEN fTeaves to fold over coct other (Ret. V). Tne

operation is similtar to the snutter leaves of o camera. Just as the shutter lesves form the carwera
aperture, the VEN fcaves form toe exit arco. f we can determine this arca, we can plot it as 3 functiog ot
the lincar gdisplacement of the actuator rods.

Ve used o Monel TOCUT-300U/FV linear transducer and its input was set ot 6.9 £ 01 volts. A

(A
calipration snow:d the transaucor to bic lincar throughout the range of its travel arm (Finure 3). we

attached the case of the transducer to the stationary casing of one ot the actuator rode. The fravel arr of

the transducer was attached to the movabie nozzie (Figure 4). As the actuator rods moved, Tre size of tne

nozzle varied and this resulted in an output voltage that wos dependent on nozzle arcas We too e ottt

of the transducer to a digital voltmeter, To determine the actual nozzle arca that corresponded to T

various actuator rod positions we manually operated the actuatar rods which varied the nogzzic arfea,
tiis lett an

cach rod position, we placed heavy butcher's peper against the exit and applicg prossurce,

inprint of tThe nozsle opening on the paper, ang we daracned the imprict wity pencil to mare 0t morg

visitle. Woe determined the areas of these imorints withe o planimeter ang recorced the correspurling oudput

voltaqe. We porformed this same operetion ot difforent nogsle npenings and goenct atec the curve showtt in

Figqure % where output voltage is expressed in volts and nozzle area is in sguare feet. We ¢id g teast

squares it of these two cquations and generatod o second order oguation that relates tronsoucer output (v)

to nouzzle exit arca (Az) (Ref. 4), The cguation in crown boelow:

A7 = ,001983V? - 0.13237V + 0.9656 (1Y,
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The value of this cyuation s that one simply has to know an output voltage trom the tracsducer in orcer t

e et e A

calculate a nozzle exit area, Ag.
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Figure 3. Nozzle Transducer Calibration
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Figqure 4. lransducer (A) Attacned tn Noezle Actuctor Rod (B). Also Shown Are
Actuator Rod Travel Arm (C), Transducer Travel Arm (D), ond Moveasle Nozoie=Contral Ring (BY
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The second area that necded attention was To7' Previously, a single thermocouple mensured this
variable. We suspected the thermocouple to be placed in a region of the extisust whore 1Tnoe Turjeraturs woes
hotter than the average gas toemperature. To solve this problem we placed four scparate thereoccupies in 1n.

«

exhaust and recorded the average of the four. Whiie opcrating the engine, we noticed the four Thorroceo: tow
werc reading a temperature consistentily fower than that recorded by the singlce Thermotou, te provicnsty
used. In the analysis of thrust we used the average temperature recorded by the four.

Being fairly confident of measurcments of A, T°7, and Pu,, we were ready To tasxe gate tron an
operating engine. Prior to running the engine, we recorded the atmospieric pressure and torperaturc. Tante
2 shows data taken from two engine runs, each from 70 to 100 percent ot the engine's naximum i, Tro
engine RPM settings were determined by multiplying the maximum rafcd engine RPM Ly the percont REM Cosircg
and then setting the throttle so that the calculated RPM value was obtained on the actual RPM ingicetor

located on the control panel. This procedure simply allowed us to accurately return to the sanc endine

operating point in subsequent engine tests.

Vii. Data Reduction
We used data from the 1 July 1981 test run, which is fisted in Table 2, tor the tolinwing artyeis,
Calculations were made using average values of two engine runs. For exomple, the thrust veloe 00 7 orcent
RPM was the average of 238 (bf and 258 (Lf or 246 Ibf.
We calculated thrust using both Egn. (4) and Eqn. (6). In Eqn. (&) we had some doub?t as T T

accuracy of the turbine exit temperature, T,,. We first calculated thrust using the muasur & Tog. Tren we
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assumed on adiabatic nozzie and atteurvurner casing, replaced Tos With the temperature read by the four
thermocouples at the nozzle exit, To7, and recalcutated the thrust. The results, aglong with the percent
error, are snown in Table 3. The percent error was calculated by dividing the measured value of thrust into

The difference between the measured and calculated values ot engine thrust.

Table 3
REDUCED DATA FROM 1 JULY 1981 TEST RUN

PERCENT ENGINE RPM

70 80 90 100

Measured

Thrust, 248 436 1147 1905

F
meas.
(1bf)

Calculated
Thrust

Using Eqn. 246.4 444.7 1156.1 1738.6
(6) & TtS’

Fcalc.s
Calculated
Thrust
Using Ean. ) 946 4 | 444.7 | 1156.1 | 1738.6
6) & Tt,*
calc.7?
Calculated
Thrust
?2?“8 Ban. | 246.4 | 444.6 | 1156.1 | 1738.6

Fcalc.

Percent
Error ~0.648 +1.99 +0.792 -8.74

Vill. Discussion of Test Resulfs

We immediately notice from the results in Table 3 that the thrusts calculated with the different
temperatures, T05 and To,, are exactly the same. |f we examine the thrust equation that we used, Eqn. (6},
and remember how the gas mass flow rate at nozzle exit, h,, was calculated, we can sce why this is so.

The sum ot the various mass flows in Eqn. (6) is Just the mass flow ot gas out of the exhaust nozzlie
as shown by Egn. (8). We used ﬁ, in licu of these other mass flows when we calculated the thrust using Ean.

(6). Thus we ettectiveiy substituted Eqns. (93, (10), (1), (12), (13), and (14) into Egqn. (6). 1f these

eyuations are substituted in Eqn. (6) and we notice that

= C (16)

ibin
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and

(17)
t t
we arrive at
Tt
2y Pohr [ /P \Tve
F=—t 22 -1 (18)
& .- Py

s we have arrived at a form of the thrust equation that is independent of the qas temperature at
the nozzle exit. This form then eliminates the need to measure either the static or total temperatures at
the exit.

In a similar manner we can substitute for ﬁ7 in Eqn. (4) and again find that the equation for thrust
of the cngine is Eqn. (18). Therefore, because of the technique we used To solve ftor Mg, both Eqn. (4) and
Eun. (&) give us the same result for thrust of the engine.

We therefore used Egn. (4) and the values of m; and Uy that were calculated at the various RPM
settings to calculate thrust values. The results are shown in Table 4.

We see from the reduced data in Table 4 that the percent error between calculated and actual thrust is
insignificant (i.e., below two percent) up to epproximately 90 to 95 percent RPM. However, at 100 percent
RPM, the calculated tnrust is almost nine percent below the actual. If we look at Eqn. (18), we see that
the thrust is a function of exit total pressure, exit static pressure, exit arca, and the specitic heat
ratio. We are contident of the exit nozzle arca calibration. This lecaves the speciftic heat ratio, Y., and
the pressures at the exit as the parameters to be considered in more detail. A sensitivity analysis shows
that a one-percent error in Y, leads to an almost three-percent error in thrust. Our assumption of Ye =
1.35 is pased on an averaye of scveral values of Y. that depend on the turbine exit temperature (Ref. 5). A
stight error in Y. at 100 percent RPM would sccount for some error.

We measured vaolues of the total pressure at the nozzle exit with a simple Pitot tube and assumed the
static pressure 1o be equal to the atmospheric pressure (perfectiy expanded flow). Using these values wo
then calculated the flow Mach number. This calculation indicated the exit flow is near sonic (M = ,995). We
suspect that the tlow is not perfectly expanded at 100 percent RPM and that the Pitot tube may be behind a
curved shock wave (Ref. 6). The total pressure change through the shock should be insignificant but the
static pressure assumption of expanded flow could result in a sigrificant error in calculated thrust.
untortunately, in these tests we did not measure the static pressure at the nozzbe exhaust or the Pitot

tute tacation and thercefore we cannot guantify the magnitude of these etfects.

To ovoit this probiem at 100 percent RPM, we can calcutate the thrust using Eyn. (4), tut instead of

calculating an exit mass flow based on uncertain pressures, temperatures and arcds, we can usc Egn. (6) and

o
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Table 4
REDUCED DATA FROM 1 JULY 1981 TEST RUN
PERCENT ENGINE RPM
70 80 90 100
l;17
15.82 20.07 28.75 31.21
(1bm/sec)
U,
501.6 713.6 1294.8 1794.0
(ft/sec)
Fcalc
: 246.4 444.7 1156.1 1738.6
(1bf)
Fmeas
° 248.0 436.0 1147.0 1905.0
(1bf)
Percent
Error -0.65 +1.99 +0.79 -8.73

assume M, cqual to the sum of entrance and fucl mass flows. We will assume the losses to e nugli,itile. I
doing this, the difference between the calculated thrust and the measured thrust cen be reduced to Lelcw
four percent.

Although this method will predict the thrust more accurately at 100 percent RPM, we arce wtill lett
with the problem ot explaining the high error using the other method.

We belicove the error between calculated and measuroed thrust at 10U percent RPM iy due to an error gn
either the measured pressures or the selected velue of the specific heat ratio, Yt' At this RPN we are
uncertain of the accuracy ot the prossure measurcements because of the prescerce of sonic flow. we are alwo
uncertain of the specific boat ratio because of the increased temperaturos.

One result whicn surprised us was the value of the turhine oxit tomperature, Toe If we ok ot the |
July data sheet, we see that Tge is consistently higher than T

o5+ L¥ to approxaimotcly U percent REM, From

here up to 1LG percent RPM, Tog in the higher. Since the afterburner casing is not adiatiatic, therc st .
be a temperature difference botween T05 and Tg,. Howoever, Tos should always be higher than Tg,, not

vice-versa. At approximately 90 to 99 percent RPM, Loth Tge and Toy read the same temperature fo within

deqrees Farenheit. At other RPM roadings, the difterence is grester. We suspect that the hcation of the Tog
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Thermocouples is the cause of this discrepancy.

At some point between 90 and 95 percoent RPM, the turbiine ecbount 0attorn 15 such thogt tre
thermocouples are immersed so as to road an averade terpergturo, AT cther RPM) tnis oxtaust patlern 2nonges
and, hence, the tnermocouptes read somcthing other thar the average tempergturc. This woulo aowoust o 100
gitteregce between T05 and T°7 as soen on the data sticet.
tX.  Lonclusions

An obvious conclusion i5 that the mass flow through the comprosacr tlesd valve must be included |
the thrust analysis. By accounting tor this bleed mass tlow we wore able To calculate The thrust ot the
J-85 engine to within £z percent at all engine RPM up fo approximately 90 to 99 percont rRPM, At UL percert
RPM the calculated thrust is approximately nine percent below what iy measured.

We cast the thrust cquation in a form that was independent of temperature at the nozzie exit and oo,
eliminated the nced to accurately measure the average exit total temperuture of thoe noczie. Anclysis of the
resulting equation [eads us to believe the remaining thrust error is due to an improper sclection of the
specitic neat ratio, Y¢, or incorrect total or static pressurc measurcments. We can predict tre thrust at
100 percent RPM to within four percent if we assume the exit mass flow to be cqual to the entrance plus

tuel mass flows. We remind the rcader here that previous errors were on the order of 25 percent.

X. Recommendations

We recommend further study in the folluwing arcas in order fo reduce tho crror at 100 percent RPM,

1. Perform a total pressure and temperature map of the airstream at the nozzie exit plance. This will
allow us to place Pitot ftubes and thermocouples in the exit stream at locations that will provide accurate
measurements at atl RPM,

2. Accurately determine values for Yt and Cpt at all engine operating cenditions.

3. Mcasure the static pressurce gt the exit plane. This will deterriae if the assurmption of pertectly
expanded flow is valid at 160 percent RPM,

4. Calibrate all the test celi instruments to determine it we arc introgucing any nenlinearitics irn

the equipment which would introduce error into the data.

Symbo!s
a, treestream speed of sound
a, nozzle exit speed of sound
A, compressor frontal arca
Aq nozzle exit area
Cpc specitic heat at constant prassure ahead ot the compressor
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Cpt specific heat at constant pressure downstream of the Luroner
My treestream mass flow rate

My mass flow rate into the compressor

m, mass tlow rate out of the nuzzle

Mg treestream Mach number

M4 nozzle 2xit Mach aumber

thepy mass flow rate through the compressor blecd valves

frosges Mess flow rate of cooling and lechage air That iu not accountes for

Po atmospheric pressure

P, nozzle exit static pressure

F’o7 nozzle exit total pressure

psi pounds per sqyuare inch

R gas constant (for air) at cngine inlet

R4 gas constant at nozzle exit

T05 total temperature at turbine exit

Ty static tumperature at nozsle exit

To7 fotal temperature at nozzie exit

Ue treestrean velocity

Uy nozzte exit velocity

VEN variable exhaust nozzle

Yc specitic hoeat ratio {(for air) upstrean of burner

Yt specific heat ratio downstreem of burner

[} nozzle exit density

B3 ratio of total temperaturc at combustor exit, Toys To amtiivnt tuperature Ty
T, ratio of turbine exit totul temperature to turbine inlet total tomperature
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PRESSUREL MEASUREMENT USTHNG A HIGH=SPEED DATA AL ST
Aty OH=LIHE CALITBRATIGH SYSTERIAY

JoA Wright®* oo Wkl Guzzett**?

Abetract

Thin paper discusses the development of a high sneed, accurato pressure measurinG ssotom for uee in
the: USAF Acodomy triconic wind tunnel. The system consiots of three major corpornenta: (1) sonar eenaor otoers
which provide precise reforence pressure bevels for calibration of the pressure transducers; (2)
Scanivalves which pormit floxitility in measuring a targe nunber of pressurec very racisly; and (3) 4
computer system with awsociated hardware and sottware for oxperinent control, date ac gisitinn, ant fata
reductinn, The paper descrives the system's comnonents and brietly discusses Tuo exberinents that tave usc:
this system. The complete system, which has been in operation for nine months, has retuced tne tine
required tor wind tunnel experiments and has increased the accuracy of praossure measuroments.

I Introduction

Tre USAF Acecermy trisonic wind funncl is a blowdown facility that uses proviously charaec roeservoirs
to proviae the tunnel's air supply ratner thar using a fan. The tunncl has a one-foot square test saction
ang is Capatile of qencrating flows with Mach numbers ranqing from 0.14 to 4,38, The subsonic and transonic
air tlow Mach numbers (G.14 € M <€ 1.33) are obtained with a variable porosity test section which atlnws
continuous variation of air flow Mach number in this ranqe. Fixed, interchangeat:le nozzle blocks are used
to establish the Mach number increments between M = 1.44 and M = 4,38, (The air flow renulation technigues
are discussed in Ref. 1.) The air storaqe capacity of the reservoirs is 54 cubic feet at 600 psia anc 100
deqrees Farenheit. This gives a useable test duration of two minutas at M = 1.2 to over seven minu*cs at
i¥

M= 4,38, The total pressure in the test section is requlated with an automatic contraf vafve, wr o the

tunnel exhaust pressurce is the local atmospheric pressure. Fiqure 1 is a schematic drawinag of the USAF

XV TSt
PAED NOZZLE  SECTION  vARIABLE DIFFUSER

STUNG
cuamsre @

T
1210w EXHAUST DUC
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Figure 1, Schematic of USAF Academy Wind Tunnel Less Trisonic Test Section

*This paper was presented to the 55th Meeting of the Supersonic Tunnel Association at the National
Aerospace Laboratory NLR, Amsterdam, The Netherfands, Aprif (981,
**Major, USAF, Assistant Professor of Acronautics, DFAN
*#%Captain, USAF, Instructor ot Acronautics, DFAN
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[P

3 Academy trisonic wind turncl components.

e ‘ Since its completion ia 1998, the trisonic $acility hos uncoraone Soveral maior cesior dmeroyoner 1,
B ! Those changes are summarized in Tatle 1o The main purpese of the modific Tions w4 driron o 10 - Joality
i
P of the air flow in the wing tunnel, resutting in better acronautical datas Tres sucora of troe g tidie i e
-
; Table 1

FLOW QUALITY IMPROVEMENTS TO THE TRISONIC TUNNEL

01962 HEAT SINK INSTALLED iIN STORAGE TANK AREA

&
| 1963 CONIC DIFFUSER ADDED
- 3 01964 TRISONMIC CART ADDED
1978 DIFFUSER MODIFIED TO IMPROVE FLOW QUALITY
-

1979 AUTOMATIC TOTAL PRESSURE CONTROLLER ADDED

has provided an expanded capability to conduct investigations into arcas such as the calitratine of
muiti-port flow probes and measurement of various flow propertics in turbulent bouncary layer flows. ir

addition to maintaining a well-conditioned air flow in the wind tunne!l, we must also be atle to measurae

;; ! pressures at various points in the tunnel or on a test model procisely and rapidly. These neasurements rust
" ’ be made quickly to maximize data-gatherinag during the limited test run time and 1o minimize tunncd
)
- J operating costs.
&
+ 2 Because of these requirements, a muiti-port pressure scannina system canable of continuous pressere
po~
i transducer recalibratior was developed. Included in this system is a digital comoutor, along witr various
? peripherals and softwarc, that provides experimental control, data acquisitinn and reduction, ane divlay.
4
‘
! 1. System Description
? A. Pressure Measurement System
. ' The first task of our system is to acquire the desired pressures and convert thom into elentroaic
: . siqnals. To obtain these multiple pressure measurcments durina experiments, we uso a scannina-tvie prossure
! device or Scanivalve. The Scanivalve system allows the rapid, sequential measuroment ot multic le progoegrod
{static or total) using only one fransducer. |t achieves tnis capability by allowina the fransduycer 1o
. "scan" or rotate between praessure ports, cach of which is separately connected vio tubiing T a tost
B measurement location. A schematic of a typical Scanivalve confiquration is shown in Ficure 2. For our

application the use of the Scanivalve has several inherent advantanes. First, tre Scarivalve desion roeadily
lends itselt to computer control via a separate stepper=control unite, This unit atlows the computer procran
to control the stepping rate of the Scanivatve motar and thereby the sottiing or dwett tire of the
transducer at ecach pressure measurement port. Changes in the dwell time that may be requiros by difforont
experimental contiqurations are easily accomplished by changes in the controlling proaram. Second, the

Scanivalve units we use allow us, when needed, to focate those units inside the test models to be pleced in
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VACUUM
VACUUM AND P
CALIBRATION Low
PRESBURES [

TO SCANIVALVE

HIGH PRESSURE
SUPPLY

SONAR MANOMETERS VACUUM PUMP

Figure 2. Schematic of Pressure Calibration Components

the wind tunnel. This reduces tubing lengths and thus the potential for frequency responae probloms,. This
is especially critical for smal! tubing sizes or multi-diameter tubing connectiong. Finally, the cost of
setting up a pressure measurcment system for each of the varied experiments that we may conduct in a

semester's time frame has been reduced, since only one pressure transducer por Scanivalve i require:d,

B. Pressure Calibration System
Once the desired pressures have been acquired and converted to electronic signals, we must relate
the signal fevel to the appropriate pressure reading, i.e., calibrate the pressure transducer. We use
Waliace and Tiernan precision sonar manometers to accomplish this calibration.

The sonar manometer achieves its accuracy by measuring the difference in the height tetween the twe
legs of the U-tube mercury-fillcd manometer by means of sonar echocs throuah the mercury. A schematic of
the calibration system components is shown in Fiqure 3, One piezoclectric transducer mountod at the hettom
of each leg of the sonar manometer pictured on the left side of Figure 2 transmits o1 ultrasonic pulse
through the mercury to the surface and receives the echo from that surfacc. By transmitting the soric pulse
simultaneously in both leqs, the diffcrence in time between reception ot the echoes from tho surfac. of the
mercury in the two legs can be related to the height difference. By holding the temperature of tho mercury
constant (and thercfore the speed of sound in the mercury) and by using a specificd time refercnce for the
sonic pulse, we measure the pressure differential between the two pressures (AP = Puicy - PLOW)' Since
these pressures also were alternately impressed on the pressure transducer, we have two voltaac levels ard,
therefore, a voltage difference that corresponds to the measured pressure ditferentialy Conscquentiy, we
have achieved a pressure calibration for the pressure transducer, i.c., PS| per millivolt. A
mercury-in-glass thermostat provides the thermal referonce and the variation of the temperature in the

sonar manometer system is specified as $.,05 deqrees Farenhcit. This variation in temperature yiolds a
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OUTPUT
SIGNAL

A
|
|

TRANSDUCER

PRESSURE
PORT

SCANIVALVE
(36 or 48 Port)

Figure 3. Schematic of a Typical Scanivalve Configuration

calibration accuracy of *.0072 PS| for a full scale pressure range of 15 PSf.

In our calibration system we use three reference pressures: (1) the high reference pressure, pHIGH' i
set higher than the expected highest test pressure; (2) the low reference pressure, PLOW' is set lower than
the lowest expected test pressure and may be below atmospheric pressure; ancd (3) the vacuum is usca T
achieve the low reference pressure ani it also provides a vacuum reading to "unload" the transducer (t- be
discussed later). Our method of selecting the Pyicy and Prgy provides a pressure calihration that s
applicable to the complete range of test procedures.

The sonar manometers have another quality that is very useful when they are usad in conjunction with o
digital computer: their output is a digital signal. The digital signal allows direct interface with the

computer, thus eliminating the requirement for an analoq to digital converter.

C. Experimental Design
When developing the data sampling schedule for an experiment, we adhere to the following
methodology as closely as possible in order to maximize the accuracy and repeatability in making multiplo
pressure measurements:
(1) Reference pressures for the sonar manometers are chosen to bracket the expocted prassure
measurement range. This provides a high and low calibration to the Scanivalve. These calibration pressures

are sampled each time a sequential reading of test pressures is made by the Scanivalve transducer. We have,
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therefore, essentially eliminated the problem of transducer "drift", thus insurina a more accurate pressure
measurement capahility.

(2) The vacuum pressure used in the low-reference sonar manometer is sampled between alf key pressure
measurements, such as the hiah and iow roference, tunnel total and static pressures, and hetween groups of
similar pressures on the test mode! (i.e., static and total). This proccdure "“unloads" the transducer
sensing element so that these important pressures always will he measured by the sensing element from the
same deflected state, thus reducing transducer hysteresis.

(%) When an estimate of the pressure distribution over a test model can be made, the pressueres tn pe
measured are indexed on the Scanivalve, if possible, trom the lowest to the highest pressure, This is done
in addition to the vacuum sampling described in (2), since the number ot total Scanivalve ports is usually
limited, and, therefore, placement of a vacuum port after each pressurc measurement is not practicat.
However, by allowing the transducer sensing element to move in the same dircction tor each reacding (i.c.,
low to high), transducer hystercsis again can be minimized,

(4) 1t an experiment requires the use of smali tubing sizes or multi-diameter connections for A
pressure measurement, a computer proqram is available which checks the ftrequency resnonse of thoe probesed
system. The program analytically predicts the natural frequency responsc of a nressure meassurement system

based on inputs of tubing length, diameter, and transducer sensing volume. 1t has the capability ot

analyzing a system consisting of muitiple tubing lenqths and diameters. This proaqram is vafuable for
insuring that the tuhing lengths and diameters chosen for use betwecn the pressure measuremert location and
the Scanivalve will not adversely affect the mcasurement accuracy.

Use of the methodology described above has contributed significantly to the improved accuracy ot
pressure measurements taken during recent tests. Combining this methodology with the use ot the sonar

manometer reference, we predict an accuracy of *.005 PS{ in the measurement of differential prossures.

D. Computer Hardware/Softwarc
A Digital Equipment Corporation (DEC) PDP-11/45 computer provides the experimental control as weil
as the data acquisition, reduction, and display. Jo accomplish these functions, various periphcrals and
software have been added to suppicment the mainframe computer:

(1) A Diva Disk System is used as the mass storage device for the PDP-11/4%, The disk system is a
high-speed, fast-access device which is capable of storing up to 40 megabytes of formatted data.

(2) A Laboratory Peripheral System (LPS~11) is used to convert the analoq siqnals from the various
types of sensors into a digital form suitable for computer use. This system is also used to control various
devices via the digital-to-analoqg process located inside the LPS-11.

(3) Tektronix 4029 and 4051 CRTs, used as the control/qgraphics display terminals, agenerate, compile,

and run various acquisition and reduction computer programs. Control of data acquisition and on-line
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reduction is performed via the 4025, Both are used to display preliminary plots when this type of output is
selected.

(4) A Decwriter 11] is a teletypewriter used as the system |list device for hard-copy printout. A
Tektronix 4662 Digital plotter is also available for hard-copy ink plots.

A schematic of the PDP-11/45 computing system is shown in fFiqure 4.

Diva Disk Tektronix
Storage Digital
Plotter
POP-11/48
LPS-11 Decwriter
A-D "
Tektronix
Converter
CRY Printer
Terminal
Experiment

fFigure 4. PDP-11/45 and Associated Hardware

E. Summary ot System Description
Figure 5 shows all the elements of the pressurc measurement system that have been discussed. The
experimental iayout shown is for a test model requiring multipte static pressure measurements and a
computer-control led, total pressure traverse mechanism. These multiple static and total pressure

measuremgnts are shown in Fiqure 5 as P, to P, and they would be arranged for sampling according to the

methodoloqy discussed in Section Il.

QI‘“ L ‘ﬂ /TRAVERSWO MECHANISM

I:> - E—-——< —————— —]

P~ _p, {— (TEST MODEL STATIC
TUNNEL B

& TOTAL PRESSURES)

PDP-11/48

Pressure Line
— <« — - Electronic Signal

figure 5. Overalil System Schematic
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| 111, Examples Utilizing the Pressure Measurement System

, To demonstrate the use and flexibility of our system, two experimental projects recently undertaken in

i

F i the USAF Academy trisonic wind tunnel are presented as examples.
|
i

[

3

v A. Five-Hote Pitot-Static Probe Calibration

4 Calibration of multi-port pressure probes represent a large portion of the work currenti{y being

performed in the USAF Academy trisonic tunnel. The particular probe described here is a five-port,

port as angle of attack, roll angle, and Mach number were varied, and then to convert these pressures into i

|

|

i
i
! { analytically designed, blunt-nose probe shown in Figure 6. The task was to measure the pressures at each

|

"

)

: calibration coefficients and plot the results. The importance of creating these calibration coefficients is

to allow the probe to be used in other tunnels to make pressure measurements based on the calibration

coefficients formed in this test. Table 2 summarizes the test matrix and variables.

FRONT VIEW SIDE VIEW (CROSS~SECTION)

. TEST VARIABLES

INDEPENDENT DEPENDENT
" ®Mach number ®Total pressure coefficient
; ®Angle of attack (AOA) #Static pressure coefficient
?' ORoll angle @ Sideslip pressure coefficient

O®AOA pressure coefficient

Figure 6. Schematic of Five-Hole Probe

' Table 2
. TEST MATRIX: FIVE-HOLE PROBE
i ROLL ANGLE
0* 7.5 15° 30° i
37| Run 1 2 3 4
. MACH
numeer 61| 8 6 7 s
2
o 9 10 1" 12

OONE TEST RUN: O, +5? +10%+20°A0A (7 AOA settings)
8 pressure measurements/AOA setting
70 seconds elapse time

OTEST TOTAL: 84 data points
. 420 pressure measurements
- 14 minutes tunnel run time
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The instrumentation for measuring the probe air prossures was arranqed acoorting o 1o e tte o

described in Section {{. Probe calibration computer sottware routines 1or Loir Galda G608 17 nr or
, reduction werce previously developed and were modified to meet the specitic roguiraren™ G Toas 7oar,
!
i particular, the data acquisition program was set to sample the tive prote prescres. Troe mocsl anclc of
o
L attack, roll angle, and Mach number were adjusted by the operator. Additicna!: ., tne Scanova:iv Transtuc
ro
. dweil time was adjusted by an additional minor change to tne control crogram software. Dave piatrirn
}
. routines incorporated info the reduction software allow real time reoview of ftoo data via Tre OR7 Toregs
The set-up time for the test required approximately one day; data acquisition reguires four ~oyvs,

PROBE 4 STATIC PRESSURE COEFFIZIENT

MACH = 9,37
£-07
-9.2
c
s .
1
A
1
¢ o4
J
-0" L L T ¥ LA T ¥ L L s v Ll 1 T T T
-20 -19 ¢ 10 28
BETA
PROBE 4 TOTAL PRESSURE COEFFICIENT
MACH = 9,37
1.3
E
ﬁ
N 9
1-2-—17-{ 74 = 7
E HE i f
\ v P /
1 © v 4
e 1\ Vi /
1
T 1.1 1ol 4 v,
S BN I
N t -~
f : vl 24
L 4 b \.-._!I..\‘. T >
. 2 y
1
1.0 i -
r x /‘
T [ S
-4 \‘ '1
4 h S
0'9 L4 v L 2R B LA L ¥ T R i ) L] L 4
-20 ~-10 € 10 20
BETA

Figure 7, Sample Data Plots, Five-Hole Probe

S aded




[PV Y

A T v g ¢ g o e

TR

A et b bt

.o

"~

3

LTI,

iy

USAFA-TR-81-11

including the production of hard-~copy printout and plots. The nced for a four-day tust time was due: 1o the
necessity ot charging the air reservoirs between data runs. Fiqures 7 and 8 show the ftour data caefticients
plotted against sideslip angle (beta) and angle of attack (alpha) for a single Mach numter. These plots
represent a sample ot a data sct for a typical run sequence. The sample data s¢t required oniy five minutes

for generation, including the time from tunnel start-up unti! the final plot was procuced.

PROBE 4 SIDESLIP ANGLE COEFFICIENT
MACH = 3,37

C
B
£
T
L]
’x'orlllﬁ ™ T T T 1T
-28 ~48 - 19 29
ALPHR
PROBE 4 ANGLE OF ATTACK COEFFICIENT
MACH = 0.37
1.9
-
i
L
1.0
-
0.5
¢ ]
c 9.0
A
M F
A -9.5]
.{
P
-1.0
-
-
-y
“-s T v 1 v T t 11 T v v 3
~20 ~-10 € 1é 20

Figure 8. Sample Data Plots, Five-Hole Probe

B. Skin Friction Measurement Project

The second example represents a more complex rescarch ettort currently underway in the Department
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of Aeronautics. The objective of the program is the development of a pressure measurcment device
(shaped-block) for determining the skin friction coefficient in turbulent boundary layer flow. Figure 9
shows the key elements of the project. The shaped-block design under evaluation is a three-port, trianqular
design and is tested at five locations on a 42-inch-iong filat plate which is placed horizontally in the
one-foot by one-foot test section of the funnel. To accurately determine the velocity distribution near fhe
surface of the plate, a total pressure probe with a .004-inch by .008-inch opening is used to traverse the

boundary layer via a computer-controlled stepping motor.

FLAT PLATE
(42° LONG)
TRIANGULAR SHAPED-BLOCK
{8 TOTAL)
R PROBE Pror.
(24/TRAVERSE)
[}
T o - o
| |
( 1
[ _ "
l L)
PLATE STATIC BLOCK PRESSURES PROBE TRAVERSE MECHANISM
PRESSURES {3/8L0CK) {CAPABLE OF HORIZONTAL
{33 TOTAL) AND VERTICAL TRAVEL)

®Prossure Measurements/Run Sequence: 380
®Elapse Time/Run Sequence: 140 seconds

Figure 9. Key Elements of the Skin Friction Project

Tabte 3 lists the variables measured during each test run. A total of 390 pressurc measurements are
made in a typical test run by two 36-port T~type Scanivalves located inside the flat plate. Time duration
for a typical test run is 140 seconds. The entire sequence, including Scanivalve sampling of ali test

pressures and total pressure probe horizontal and vertic~! movement, is controli»d by the computer data

Table 3
TEST VARIABLES: SKIN FRICTION PROJECT
INDEPENDENT DEPENDENT
@Shaped-block dimensions @8kin friction coetficient
®Shaped-block locations oBoundary layer velocity distribution
oMach number ®Boundary layer thickness
oShaped-block tiow angle o8haped-block pressure difference
OFlat plate angle
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Figure 11, Sampte Data Plots, Skin friction Project
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acquisition proqram. Data reduction and presentation is available in real time to all-w filexibility 1»
adjusting the fest matrix. Sample data plots are shown in Fiqures 10 and il. Ficure 0 is & cample nint of
the turbutent boundary layer thickness ratio (Y/DELTA) plotted againct three differcnt varccity praf ioe
based on data from the third shaped-block location on the flat plate at a Mach number of .53, in +r.g ¢'rt,
U/UINF is the velocity profile based on the traverse total pressure measuramant-, UC/UWNF i3 the
theoretical calcuiated velocity distribution, and U/UINFB i< the empirically prelicted velo ity nroiilc
based on the Blasius turbulent sofufion. Excellent data corrclation between measurad and calevtais @ 37
was achieved. figure 11 shows two plots which compare the experimental data «ith the *hYworeting! soto= -
for the inner region of the furbulent boundary layer. The good correlation aciieved SHetween tho me .,

and calculated data has helped to validate both the data acquisition methodoiogy and tha accuracy - s

pressure measurcment system,

(V. Summary
The addition ot a high-speed pressure data acquisition and or~line calibration sys*tom has reoiten

an increase in the accuracy and “lexibility of the research we are now doing in the *triscpic wir® *un e

tacitity. This has meant an increasc not only in the number of projects we now are able tu compliete becauss
of better tunnel time utilization, but we also have realized an improvement in tne quality of resnar ™ n-s

being conducted.
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CADET PERFORMANCE DURING SUMMER ACADEMICS:
REPEAT VERSUS NON-REPEAT STUDENTS

JoHe Russeit®

Abstract

This study analyzes the performance of cadets enrolled in the following United States Air Force
Academy engineering core courses during the 1981 summer semester: Enginecring Fundamentals (Engr 110),
Mechanics and Materials in Enginecring Design (Mech 210), Fundamentals of Acronautics (Aero 31';, and
Introductory Encineering Thermodynamics (Aero 312). The paper analyzes and desribes data comparing the
performance of <tudents taking the courses.for the first time with those who had previously failed the
course or dropped it in lieu of failure. Subjective performance comparisons of these two student groups are
also described.

The results of the study indicate that the performance of cadets taking any of these engineering
courses tor the tirst time compared quite favorably with the performance of cadets who study the material a
second time.,

', Introduction

The decision to allow students to take an engineering course such as Aero 311 or Aero 312 for the
first time during the compressed Air Force Academy summer semester is a difficult one. Traditionally at the
Academy an arqument has been made against enrolling first-time students in engineering courses during the
summer semester because it is said that there are too many concepts to learn and there is too little time
in which to learn them, On the assumption that new students will have extraordinary difficulty in a
particuiar summer course, proponents of this argument also feel that first-time students will "hold back"
class progress.

Additionally, some people believe that students who repeat courses might have an unfair advantage over
first-time students since they have some familiarity with course material. Another advantage that a repeat
student might have is the knowledge that failure during a Class Committee~directed summer semester means

possible elimination from the Air Force Academy. This fact alone may spur enhanced performance from the

typical repeat student. Of course, both of these seeming advantages for a repeat student in the summer term

would also be advantageous for a repeat student during the requiar academic year.

On the other hand, there are persons at the Academy who have arqued that students who take an
engineering course for the first time during the summer semester are not at a disadvantage. Supporters of
this view believe that the typical first-time student has a better academic record than does one taking the
course for the second time. Proponents ot this argument also feel that because the typical first-time
student is a better student, he or she is better able to adapt to the rigorous summer semester schedule.

The purpose of this study was to provide quantitative and qualitative comparisons of the performance
of both tirst-time and repeat enrollees in engineering core courses tauqht during the 1981 Air Force
Academy summer semester in the hope that factual data could be used to resoive the debate over which

students should be permitted to enrol!l in the summer semester courscs.

%Captain, USAF, Instructor of Aeronautics, DFAN
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I+ gethe  Jdata tor *the study we analyzed the performance of students enrolled in four engineering core
courses otlorad during the summer scmester of 1981 and we divided those students into two groups, repeat
and ron-repeat -~tudents. Repeat sludents consisted of those cadets who had previously failed a particular
course or rad arooped the course at mic-semester and thus had already been exposed to some of the course
raterial. ihe non-repeat students group was composed of those cadets for whom the summer semester
represente Their first formal exposure to course material.

serformance data was collected for each group and compared to each cadet's Academy cumulative grade
point averace (GPA). !'n 2ddition, for each cadet a statistical measure of course grade deviation from
cumuiative G’ was determined, For example, a cadet whose deviation was +1.00 would have earned a course
grade that was one letier grade higher than predicted by his or her cumufative GPA. Also, in each course
th> average course grade was computed, as well as the student's c.urse grade deviation from his or her
cumulative Gi’°A. The qualitative evaluation of the performance of repeat and non-repeat students was based

only on the subjective comments ot the individual instructors of the Aero 311 and Aero 312 courses.

1. Quantitative Results

tn gereral, the data seemed to indicate that repeat and non-repeat students performed equally well
during the sunmer semester. In practically all courses offered during the summer semester the performance
ot both groups exceeded the expected results based on student cumulative GPAs. In only one group did the
average course grade that was achieved fall short of the anticipated course grade (see Table 1). But the
limited number of individuals in this particular group made any accurate generalization about their
perfnrmance difficult. in all the other groups, however, the final course grades achieved by the summer
students aver.iged the same or better than the anticipated results,

Table | <hows the large number of individuals enrolled in the summer courses who had entering
cumulative GPAs pelow 2.00. Their motivation to do well and avoid possible dismissa! from the Academy was
evidencec¢ by their performance average which was almost one letter grade higher than predicted by their
cumulative GPAs.

Table 2 shows both groups to have averaged better than their cumulative GPAs would have indicated.
Table 3 demonstrates that both repeat and non-~repeat students did better than predicted by their
previous academic records. in the course from which this data was taken, Aero 311, the non-repeat students

actualiy performed better than did the repeat students, both in terms of their cours. rrades and in
deviation from their cumulative GPAs. As a side note to this table, the Aero 311 course final exam was
quite similar to one given during the previous semester of the formal academic year. And, in fact, the
course progress was not "held back™ at ali by the presence of non-repeat students. This is clearly shown by

the final exam scores for the two semesters. The spring semester final exam had a mean score of 72.5
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CADET PERFORMANCE DURING SUMMER ACADEMICS:
REPEAT VERSUS NCON-REPEAT STUDENTS

: JoHo Russeil®

' Abstract
i

\ This study analyzes the performance of cadets enrolled in the following United States Air force
Academy engineering core courses during the 1981 summer semester: Enginecring Fundamentats (Engr 110),

: Mechanics and Materials in Engincering Design (Mech 210), Fundamentals of Aeronautics (Aero 311j, and
Introductory Encineering Thermodynamics {Acrc 312). The paper analyzes and desribes data comparing the

performance of students taking the courses.for the first time with thosce who had previously failed the

course or dropped it in lieu of failure. Subjective performance comparisons of these two student qroups are

also described.

The results of the study indicate that the performance of cadets taking any of these engincering

courses for the first time compared quite favorably with the performance of cadets who study the material a
second time.

o 1 i
2 .
e 28 e adane

l. Introduction

rA‘s. "

, The decision to allow students to take an engineering course such as Aero 311 or Acro 312 for the

b
S

: tirst time during the compressed Air Force Academy summer semester is a difficult one, Traditionally at the

Academy an arqument has been made against enrolling first-time students in engineering courses during the

summer semester because it is said that there are too many concepts to learn and there is too little time

L i s
]

e ' in which to learn them. On the assumption that new students will have extraordinary difficulty in a
y, 1 particular summer course, proponents of this argument also feel that first-time students will "hold back"
; class progress.
Additionally, some people believe that students who repeat courses might have an unfair advantage over
first-time students since they have some familiarity with course material. Another advantage that a repeat
. student might have is the knowledge that failure during a Class Committee-directed summer semester means
possible elimination from the Air Force Academy. This fact alone may spur enhanced performance from the
typical repeat student. Of course, both of these seeming advantages for a repeat student in the summer term
would atso be advantageous for a repeat student during the regular academic year.
' On the other hand, there are persons at the Academy who have arqued that students who take an
; engineering course for the first time during the summer semester are not at a disadvantage. Supporters of
’ this view believe that the typical first-time student has a better academic record than does one taking the
course for the second time. Proponents of this argument also feel that because the typical first-time
N student is a better student, he or she is better able to adapt to the rigorous summer semester schedule.
N . The purpose of this study was to provide quantitative and qualitative comparisons of the performance
of both first-time and repeat enrollees in engineering core courses taught during the 1981 Air Force
Academy summer semester in the hope that factual! data could be used to resolve the debate over which

students should be permitted to enrol! in the summer semester courses.

*Captain, USAF, Instructor of Aeronautics, DFAN
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Table !
STUDENT PERFORMANCE IN ENGR 110 DURING 1981 SUMMER SEMESTER
REPEAT (17 Students) NON-REPEAT (2 Students)
Cum GPA' | Course Grade? | Deviation? | Cum GPA Course Grade Deviation
2.34 C -.34 2.35 B +.65
1.99 c +.01 2.77 C -.77
1.74 B +1.26
1.91 C +.09
2.44 B +.36
1.86 B +1.14
1.99 B +1.01
2.15 C -.15
1.93 A +2.07
2.09 A +1.91
1.90 C +.10
2.10 C -.10
1.86 A +2.14
2.00 c 0
2.24 A +1.76
2.00 A +2.00
1.80 A +2.20
Average

2.02 2.94 +.92 2.56 1 2.50 -.06
NOTES:

1. Cum GPA valid through spring semester 1981,

2, Course letter grades are assigned numerical values as follows:

A=4,8=3,C=2,D=1.
3. Deviation of course grade from Cum GPA, i.e.,

Deviation =

Course Grade - Cum GPA.

Table 2
STUDENT PERFORMANCE IN MECH 210 DURING 1981 SUMMER SEMESTER
REPEAT (9 Students) NON-REPEAT (13 Students)
Cum GPA Course Grade Deviation Cum GPA Course Grade Deviation
2.08 C -.08 2.86 B +.14
2.20 B +.80 2.43 C ~.43
2.21 C -.21 2.10 c -.10
2.11 A +1.89 2.39 B +.61
2.12 A +1.88 1.93 c +.07
2,23 C -.23 2.18 [ -.18
3.05 [ -1.05 2.97 B +.03
2.03 B +.97 2.70 B +.30
1,94 B +1.06 3.10 A +.90
2.22 [ -~.22
2,22 B +.78
2.16 C ~. 16
1.96 C +.04
Average
2,22 2.78 +.56 2.40 2.54 +.14
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Table 3
STUDENT PERFORMANCE IN AERO 311 DURING 1981 SUMMER SEMESTER
REPEAT (8 Students) NON-REPEAT (10 Students)
Cum GPA Course Grade Deviation Cum GPA Course Grade Deviation
2.62 C -.62 2.55 B +.45
2.00 B +1.00 2.70 A +1.30
2.26 [ -.26 2.05 D -1.05
2.19 c -.19 1.99 [o +.01
2.79 B +.21 2.34 B +.66
2.18 C -.18 2.53 A +1.47
2.80 B +.20 2.41 B +.59
2.27 A +1.73 2.45 A +1.55
3.89 A +.11
2.23 A +1.77
_
Average
2.39 2.63 +.24 2.51 3.20 +.69

percent, while a similar exam given during the summer semester had a higher mear score of 76.2 percent.
Table 4 shows that Aero 312 repeat students averaged about one-half tetter grade better than their

cumuiative GPAs, while non-repeat students performed about as predicted by their cumulative GPAs.

Iv. Qualitative Results

A performance analysis of the summer semester students must aiso include some subjective com -nts by
the instructors involved in teaching and by the students themselves. The Aero 311 and 312 instructors found
their students, both repeat and non-repeat groups, to be much more responsive during the summer semester.
Daily preparation, as measured by class participation and quiz scores, appeared to be more thorough than

during the regular academic year. To a slight degree, both instructors found the ctlass participation to be

Table 4
STUDENT PERFORMANCE IN AERO 312 DURING 1981 SUMMER SEMESTER
REPEAT (9 Students) NON-REPEAT (12 Students)
Cum GPA Course Grade Deviation Cum GPA Course Grade Deviation
2.45 B +.55 2.24 C -.24
3.16 A +.84 2.47 [ -.47
2.28 B +,72 2.11 D ~-1.11
2.54 B +.46 3.32 A +.68
2.04 B +.96 1.99 Cc +.01
2.59 B +.41 2.52 c -.52
2.27 C -.27 3.95 A +.05
2.26 B +.74 2.68 A +1.32
2,44 B +.56 2,30 o ~.30
2.38 c -.38
2.95 B +.05
2.05 B +.95
Average
2.45 3.0 +.55 2.58 2,58 0
68
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at a higher level for the non-repeat students than for the repeat students. Student comments on the
desirability of taking engineering courses such as Aero 311 and 312 during the summer semester were quite
tavorable. Both repeat and non-repeat student groups responded on their end-of-course critiques that the
continuity afforded by a rapid succession of lessons made the engineering concepts easier to understand.
Both groups commented that their relative lack of other activities aided greatly in their course

: per formance.

= V. Conclusions

As a result of this study, several conclusions can be supported by the data collected. First, the

average non-repeat student does not harm his or her GPA by voluntary enrollment in summer engineering
courses. The presence of tirst-time students in the summer engineering core courses offered at the Air

Force Academy does not seem to hold back class learning. The continuity provided by the rapid succession of

lessens, and the relative lack Af activities which compete for a student's attention and detract from
course preparation time allows both repeat and non-repeat students to do well.

f'i% Secondly, while the engineering concepts taught in these courses are difficult to learn, 1 students
seem to grasp them well, in so far as quantitative methods of measuring performance in class preparation
and tests are concerned. These measurement techniques, it should be noted, only determine short-term

=, understanding and retention of course material. In this study we did not attempt to measure the students'
d i long~term retention of the material taught during the summer semester, and thus no generalization regarding
| that issue can be made.

g : But on the basis of this preliminary and rudimentary study, it would appear that the Academy should
not inhibit the enrollment of any students who wish to take engineering core courses for the first time

H during the summer semester.
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REFLECTIONS OF AN ENGLISH LITERATURE MAJOR ON {
QUR TECHNOLLLICAL SOCHIETY*

J.M, Kemptr*

Abstract

For much of the twentieth century artists and intellectual. have been critical of the technological
orientation of modern industrial society. Many social analysts arque tnat the contemporary era is
characterized by an increasing estrangement between humanistic and scientific disciplines ot knowledge. A
teacher with experience in both disciplines arques that we must reverse this situation. To do this,

engineers as well as scholars of the humanities must develop a common lanquage that will enable all
educated persons to communicate across the artificial barriers that have been erected around specialized 1
domains of knowledge. {

As one who has spent a number of years training to join a profession of humanities teachers and

ey

scholars and who has several times found himse!f involuntarily enlisted in the ranks of workers in large
technological organizations, | sympathize with the plight of many modern artists who sce the seemingly
overwhelming inertia of technological society as a threat to the human--and humane--crafts of the arts.
Indeed, it seems a threat to culture as we know it. But my expericnces in technological organizations have
also made me aware of the fact that the purported conflict between the arts, or humanistic knowledge, and

the sciences may be an exaggerated and certainly unnecessary, not to mention destructive, concept. Let me

e e s e R s i e e

try to explain why | think this is true.

While recently thinking about this subject, [ was reminded of something i heard Saul Bellow say
several years ago. Bellow was describing Joyce's Ulysses and the impact it had on him as a young writer
because of its insight into a crucial problem facing writers in the modern world. This problem, as Bel low
saw it, was that |iterature has become overwhelmed by the sheer giut of written communication caused by
technology. The fact that this situation has been compounded by the electronic revolution since Ulysses is
a common theme of modern sociology as we!l as literature.

My subject really does not deal with English (iterature as an art such as Bellow himself writes, but

rather with English as a skill badly needed for clear communication in a modern, technically oriented
society. This skill is particularly vital today because the relationship between the wisdom of the arts and 2
the humanistic tradition of knowledge and the factual information that characterizes the world of modern
business and technological enterprises appears to be one of widening distance. Some ot the recasons for this }
situation are historical.

Ever since the English Romantic poet William Blake condemned !saac Newton fo torment because of
Newton's purportedly wicked powers of "Urizen," modern |iterary art and a good deal of literary theory has §
claimed that the "rationality" of science and technology was the source of modern cultural destruction.

This idea fostered the notion of a sptit between two cultures, the scientiftic and the literary or

*This paper is a slightly revised version of remarks delivered to the First Southwest Regionat Convention i
of the National Counci! ot Teachers of English, Las Vegas Hilton Hotel, October 18, 1980. 4
%#*Captain, USAF, iInstructor ot English, DFENG
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humanistic. For several decades academics have been at work analyzing the profound inmplications of the

shift of social power taking place to a "New Llass" of technocratic experts and mancqgers that has occurrec

over a period of decades, but most rapidly in the post World War |} cra. This subject of stifting sncial

power is a heated one among political scientists, economists, and sociologists.

In contrast to sociological analyses ot outr rising technically oriented society, modern literary
responses have generally attempted to ignore analysis. Modern writers like D.H, Lawrence and W.B. Yeats
sought retfuge from technical culture in neo-primitive or anti-rational mytholoaies. For example, during the

1930fs the American writer Henry Miller found expression for his feeling of cultural oppressicn by

P
B als b ———

asserting that a vast conspiracy against the human spirit existed within modern corporate society which was

Sk

symbolized for Miller by the "Cosmcdemonic Telegraph Company of North America,'" which reached everywhere

P

robbing modern man of freedom and spirit. He arqued that the only available response was escape through

imaginative creation, that permitted art to transcend mundane, material reality. Failing that hc stood and

- raged: 1
E
;,l% "What is truec interests me scarceiy at atll, nor what is recal; only that intercsts me which | imagine
. to be, that which | had stifled every day in order to live.... | wanted to see America destroyed,
. razed from top to bottom... as atonement for the crimes that were committed against me.... And yet [1]
"3 remain powerless to alter my tife" (Ref. 1).
;' : Norman Mailer rephrased this theme in 1968 in The Armies of the Night, his analysis of our Vietnam
= debacle, a war caused, he said, by the lobotomizing effect of technology on American sensibility and by an
imperious rationality:

t

2 l "Technology had driven insanity ... out of all the lost primitive places; one had to find it now

wherever fever, force, and machines could come together, in Vegas, at the race track, in pro
tootball.... None of it was enough--one had to find it in Vietnam...."

Mailer summarized his view of the current American cultural dilemma, brought about by what he belicved was
our worship of technology, when he described the alienated youth of the 1960's:

"Therc were nightmares beneath the gaiety of these middle class runaways, these Crusaders, goinag out
to attack the hard core of technology.land ... lwhere!l nature was & veil whose tissue had been ripped
py static, [byl screams of jet motors, the highway grid of the suburbs, smog, defoliation, and
potlution of the strecams...." (Ref. 2).

More recently, in his own portrait of a ruined writer friend Deimore Schwartz, Saul Bellow wrote of
the selt-defeating resuits of the long iiterary opposition to technological culture. in pondering
Schwartz's shabby death, Bellow asked the tollowing rhevorical questions about the role of writers in a
5 modern technical world:

) "....were poets |ike drunkards and misfits or psychopaths, like the wretched, ... destined to sink

! into weakness.... Having no machines, no transforming knowledqe |ike Boeing, or Sperry Rand or {BM or
RCA? Could a poem pick you up in Chicago and land you in New York two hours later? Could it compute a
space shot? It had no such powers. And interest was where power was. !n ancient times poetry was a
Force, the poet had real strength in the material world. Of course, the material worid was difterent
then. But what interest could a Humboidt raise? He threw himse!lf into wecaknass and became a hero of
wretchedness. He counsented to the monopoly of power and interest held by money, politics, law,
rationality, land] technoloqy...." (Ret. 3).

I have emphasized this literary opposition to modern corporate and technical society because it has

become a central issue for academic humanities departments in recent times., The constant discussion of the
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"crisis in the humanities" has led Yo numerous studies seeking ways to find "relevance" in school

curriculums to meet the trend of vocationalism among students, to bridge the gap between the humanitics ang

science, and to salvage whole departments from pessimism and self-immolation. The crisis has led to much
cynicism among academic humanities teachers and fo some who sce a vast capitalist conspiracy to turn
academic life itself into merely an instrument for training a technical force for big business. Such
pessimism and cynicism may be misguided and counter-productive.

In the title story of his collection City Lite, Donald Barthelme wrote about the tasteless,
cliche~ridden lives of contemporary urban adults. One of the central symbols in this story about the
spiritual emptiness of our technological age was a tetevision. What particularly interested me in the
symbol was that Barthelme emphasized the television brand name -- Motorola (Ref. 4). Now, by an odd quirk
ot circumstances, several years ago | found myself recruited out of a graduate program in English
literature and asked to accept a job with Motorola flectronics Corporation, a job | never would have
pursued on my own, betieving as | did, that a perscn with an English literature degree was about as
necessary to a modern electronics company as an old vacuum tube. What | discovered was that, indeed, the
company did not necessarily need someone with broad literary knowledge. But it did need somecne who could
produce clear, inteiligible prose. tn fact, the company could not get paid without technical reports that
were intelligible, and few professional engineers can write such reports.

Simifarly, 1 found that the broad knowledge | possessed, not about technology but about business,
world affairs, and the arts, permitted me to provide an important dimension to the corporation and its
peopfe. And | found that the engineers working at Motorola were not lobotomized technicians. Several held
season tickets to the Chicago Symphony Orchestra and Chicago's Lyric Opera, one raised exotic forms of
African violets, another was a former president of the Chicago Rhododendron Society. Many were fervent
environmental ists and, though often lacking in wide reading, were eager for conversation with someone who
was well read in al! kinds of humanistic subjects, from politics to art. One audio engineer, a specialist
in microphone desi 'n, provided tapes of local Chicago area college musical events to one of the few

remaining classical FM radio stations in Chicago.

what | am suggesting here is that if technological organizations in our society have become identified

in modern literature as enemies of culture, it is also a fact that human beings constitute those technical
organizations and are as interested as anyone in the full range of human subjects that touch their lives.
Indeed, the human dimension of society is, or ought to be, modern industry's chief concern, whether it be
the psychology that causes abrupt market changes in foreign currency values, labor matters, communication
laws, foreign business regulations, and governmont, nolitics, and divergent cuftures and cultural values.
To deal with this human culture, business needs people who can rcad and write and think about all these

subjects and communicate to a variety ot audiences. Modern technical busincsses in particular absolutely

depend on written communication and on employees who can translate the technical jarqon of their often
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crippled writing into intelligible English prose.

By the time | left Motorola | was supervising a wide range of written corporate and technical
communications, such as operating and repair manuals, research and development reports, financial reports,
and numerous other types of written work. | had designed and taught a writing course for managers and
i engineers dealing with international markets, and | had become frustrated because | could not always get
the organization to work efficiently. And | discovered that the inefficiency of a great desl of modern

institutional life is due, in large part, to indecisiveness atout, and fack of expertise in, written

communication.
The skills and knowledge that humanities students bring to modern business, then, arc hardly R

i irretevant. They may, in fact, be crucial to the business world's success in the future.

; Many economists have recently come to the conclusion that a major cause of the decline in American

economic productivity is incoherent written and verbal communication. Think of this assertion for a

minute--faulty syntax teads to confusion and therefore has directly weakened our national security! That

;‘f; statement must boggle the minds of some of our current defense analysts. Yet, if one accepts this

l assertion, it is understandable that management experts place high value on communication skifls as a major 3

component of business and government |ecadership.

. My own job experience, as a university teacher, a civil engineering assistant, a worker in the

%

i gargantuan bureaucracy of modern government and the military, or as an editor and manager of communications

s

{ for a large American technological organization, convinces me that humanistic studies, particularly the
;‘: discipline of English as an academic background when coupled with knowledge of other disciplines, is vital
to.modern American industry. Who else but a trained writer is impatient with sometimes incoherent
é bureaucratic and technical written communication? And who eise is capable of radically paring wordy
! communication so that it becomes clear, precise, and economical? Let me give an example from personal
i experience. Two months into my job at Motorola | had cut aprroximately 50 percent of a monthly report on
; research projects that saved management time and many overtime and weekend sessions for a number of people.

In the Air Force, | once did a similar job, thereby permitting eight people to do what they were trained to
do--fix airplanes. The "editorial" principles of standard English usage, when applied as a "technical

skill" to communicate information, cut across all organizations and disciplines. We necd to emphasize how

N this skill trains people, engineers as well as students of the arts, to think clearly, efticiently, and
acutely in analyzing all subjects, not just titerature. A really good English student ought to be impaticnt
with unnecessary meetings, wasted discussion, uncicar forms, or unnecessary activities and instructions and
he should be critical of sloppy thinking. This attitude and the associated skills are the essence of

management.

Nor is it the case that we should merely think that training in the humanitics, in the sense ot 3

emphasizing skills such as "editing," is a vocational education. Humanistic perspective and values are also
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crucial to the success of modern industry. But humanities departments have insufficiently addressed this
issue. For example, the September 1980 Atlantic Monthly contained an article analyzing what is wrong with
the American ecconomy. Incidentally, it points to companies |ike Motorota and the electronics industry as a

hope tor the future to provide more jobs, labor-saving efficiency, and a liberation of men from dull

routine work (Ref. 5). That has always been Yhe hope for technology. But if humanities tcachers wish to

participate in the modern economic chaflenge, they must recognize that all technology requirces written

and all other scientific and engineering discip!ines. And these disciplines badly need franslation into &

|
! .
| | oo
L : English instructions on how fo repair and operate machines, and indusfry neecds people to cleariy 1
EY
'..J communicate to the public the problems which technoloqy creates. There are many positions in America that
ﬁi‘ badly need students who can combine writing skills with knowledge of and interest in physics, clectronics, :
] 4

common cultural language.

What we need today is a new perspective on the relationship between humanistic, and particulerly

o English, "knowledge" and our contempory social order based on technology. The old antagonistic attitude is 4

2 4 self~defeating, and dangerous. For exampte, in his book English in America, the former editor of the L

journal College English, Richard Ohmann, begins by opposing £nglish to science. He criticizes academic

English scholars for alliowing their subject to become narrowly specialized and disconnected, unlike science
L he says, to generalized theories relating English research to a larger cultural reality. In aping
scientific specialization humanities teachers have failed, Ohmann arques, to emphasize the moral insights
of literature and to provide a theoretical framework to integrate the subject into our targer cultural
context (Ref. 6). Much of what he says is truc--but not totally. Technological research is oftfen
4 extraordinarily specialized, boring, and unconnected to wider theory. And it certainly, sometimes
' criticatly, lacks a humanistic perspective.

i Similariy, in a recent articlie expanded from remarks made at MIT during the spring of 1980, John
3 Herscy noted that C.P. Snow's famous description of the gap separating the "two cultures" of technical anc
. humanistic education has, even with some curricular reforms at major universities, become wider rather than
narrower as Snow had hcped. Hersey places most of the blame for this situation on humanitics departments
for their avoidance of science (Ref. 7). Much of what he says is true--but not totally.

Furthermore, most discussions ot the conflict between scicence and the humanitics ignore the issue of

"nower' which Saul Bellow, Norman Mailer, and Henry Miller so astutely noted. To deal with it we must
insure that students can program a computer and edit a paper on phys cs as well as analyze a poom. This

premise applies to technical as well as humanities students. Such a qoal means we nced fo return to a

philosonhy of education, and a curriculum, that emphasizes the tradition of (iberal arts with the term
"liberal" somewhat redefined. Every humanities student should take several courscs in physics and the
naturat sciences, in math, and in basic accounting, and four years of one foreign lanquage as well as N

titerature, history, and philosophy. One of the most valuabie skills American business will roguire in the i ]

-
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tuture is the skill to speak other languages to deal with our increasingly international cutture. Engineers
need to contcemplate the human dimension of their disciplines too. We need more than ever tndav a common
language that permits us to find a common ground betwecn our increasingly specialized domains «f rnowledou.

Let me also note that those who blame the current plight of the humanities {or the tack of scriTical
influence of humanities departments) on their indifference to technical issues have never edited Techrical
or business prose or read technical journals or textbooks. Fifty yecars aqo the French Surreaslis*s acdvacated
writing prose that was unrevised, disorganized, unintelligible, and irrelevent to social reality. Much
business and technica! prose has achieved today what Surreal!ism only drcamed of. The excuse used by
engineers that ore doesn't have sufficient background to understand technical subjects is usualiy an cxcuse
tor incoherent and elliptical writing on those subjects. Technical writing is often incoherent because it
fails to describe completely the premises and reasoning proce<ses behind, or the actual design cf,
machinery or scientific research and assumes that its intended audience will fill in missing information.
The frustration technical people feel in reading their own journals proves that this assumptisn ic
fallacious. Thus, "technical expertise" in English, the ability to organize ideas and informatinn
coherently, to revise syntax, to choose precise and togical combinations of words, and to suborcdinate ideas
is precisely what is missing in much contemporary scientific and technical writing.

Technical culture does have power today, but it is also dangerously vulnerable. To protect us all from
the sometimes blind arrogance, foolhardiness, and short-sighted vision of business and technical
organizations whose technology affects public life from places 1ike Love Canal to Three Mile Island, we
must translate the jarqgon of technical subject matter, including tegal and medical writing, into a
universal langquage intelligible to all citizens. Such a "job" is crucial to a freely functioning scciety it
it is to makc rational decisions about its own future based on all available knowledge. | don'? think
cngineers, trained as they arc in the contemporary world, can do this translating work. Lewis Thomas anc
Barry Commoner do not seem to have many peers in the scientific and engineering professions.

My experience tells me that far from being merely ornamental or a luxury in this world, command of the
skills of language is extraordinarily important in terms of power in modern society. For stucents these
skills don't just make better citizens or provide them vocational employment. They allow them to maintain
their freedom. Totalitarian regimes always arrest dissident writers first. Presidents ang corporate
execut ives have speech-writers as their closest aides. And the most crucial war of our time is the one for
our minds, a war fought through propaganda, subliminal advertising, and outright manipulation of
information. Let me illustrate.

Recently | recad an editorial in a Colorado newspaper that charqed John Anderson amd President Curter
with "appeasement'" for believing that diplomacy was the first line ot American strategy and for opposing
certain costly military weapons systems. Another article by a retired Air force General urged that America

support the new Korcan military government because Koreans were not used to democracy and therefore we

75




®

U3AFA-TR-81-11

sl net forco 11 on them, as if our treasure and lives had not beca expended there for thirty years tor
it that reason. And a corporate advertisement several months aqo urqed America not to allow single
interest groeps to divide our basic national unity, o unity that was good tor the company which got much of
ity tucirase from the qovernment. But when the Justice Department subscquently filed suit against the
wpery tor anti-1rust violstions due fto acquisitions that led to domination of certain technology markets,
the campany changed i1s advertising. Today unity is said to be bad. The company's public advertisements now
Zott tor nonintervention o free markets by government agencies. Finally, an article | read in the Auqust,
1980, iwsuwe ot Commentary magazine by a literature professor at Berkeley (Ref. 8), reviewing recent books
ahout the American literary nictory of the 193G's by Edrund Wilson and Malicoim Cowley, attacked the
surported "Marxist idenloqy' of these eminent men of American letters. The article was particularly
risturping because | have read most of the lefters and articles this professor only selectively used as
v dence for his accusations, and | was stunned by the extent to which he quoted material ouf of confext or
misrepresented other material.

Fach of these essays, or the corporate advertisement, severely violates basic principles of rhetoric.
These vinlations inciuce tonsecatively: ad hominem attacks on politicians that beg the question of issues,
stecping generalizations that ignore history or our own political values, corporate manipulation of
fanquage that clouds truth and motives, and academic criticism that is close to being scandalous since the
"rratessiong! standards of English™ gemand that we do not quote information out of context, misrepresent a
writer's full text, or use post hoc erqo propter hoc argumentation. indeed, tcaching the "technigues' of
communicating historical truth through documented research has traditionally been the domain ot English
separtments whose professionals are vested with responsibility to uphold the standards of objective
schoilarship.

New, no engineer | know could analyze, let alone be aware of, the "technical" violations of language
and the manipuiiation qoing on in these articies. Engineers are, in effect, helpless in the war of words for
wantrol of our minds. tt is in this regard that modern technical society badly needs people intormed about
the values and lessons of humen cultura! history and who possess the technical skills of communication and
erbal analysis.

tumanists shoutd Le experts in human civilization, that arduous accumuiation of wisdom, about human
nsture and society and its fragile halance, that was built from the ltong search for truth throughout
recorced time; and truth requires lanquage for transmission of these truths to successive generations,
whethar it be the truths of Shakespeare or Newton. It is this expertise that must be marshalled when
onfreating technology with questions about social design and values and that must be used to help direc*
technical enerqies into productive and constructive civilized goals. But to do this, humanists have a
responsitility to do more than criticize and bemoan a loss of influence. To direct technical energy into

civitized, humanistic activity, humanists must first understand their sometime and now longstanding
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antagonist--technology. Modern business and government also need wise, humanisticr, and hictaricai
perspective to save them from themselves. For the history of modern business, and of authoritocis
governments, is that their often short-sighted qoafs undermine their own tong-toerm success ant croata &
political climate of extremist opposition.

Thus, instead of training in weakness, the study of the humanities creares an educatac citisonr.
capabte of analyzing technical inertia as well as propaganda and false statements. Such o .0 ¢ < &4
thinking force ot power, the most subversive force on earth and hardly powerless in tre face - * any king ot
information, technical or advertising.

Literature is the discipline best suited to train us fTo analyze fanquace because it is tne togt, mout
complex use of language used to ftransmit human values. 11 is not, theretore, contradi~*<ry 0 stucy
literature as the means to discipline and train the human mind or master communicative " k.il;."
Scientists, after all, don't ftrain on quacks or bwud technoioqy; they study the best, often the most lucic
and elegant technical thinkers and writers like James Clerk Maxwel!, Einstein, and Gaiiiec,

Another needed reform of pedagogical attitude concerns humanities t:aching itccif. We snoul: train cur
students, including future engineers, so that they will become an audience for art and litcreture rather

+ =

than themselves becoming academic literary critics or scholars, Such an attitude is not & ratrect, though

it may mean there are fewer graduate students studying specialized subjects. Rather, it is a raasserticon of

the idea that always governed liberal education. We should train good citizens who will have a brecanth =t
historical perspective and an appreciation for civilized values, and an understancing of where toch -clogy
tits in the overall ideal ot a "good and just" society. Such a task requires cooperation amonaq <iscinlines,

not antagonism.

“The whole argument about a dichotomy betwcen art and scicnce may be talse. Lewis Mumftor =-0.. wrotc
that technology is not inherentiy inimical ta art (Ret. 9). The construction of the violin icc *o
Beethoven! And some Motorola engineers { know don't watch television. They fisten to Beettavon--ur hofong

to the Sierra Club.
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Aeronautical History
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THE EVOLUTION AND FUTURE OF AEROPROPULSION SYSTEMS*

tfans von Chain

Faitor's Hoto

fions ven Uhain independently initiotes the developniont of tie turiujet ongine in Gerneny wricr to
werta War o ile He diractoo noresesrch ana development progran uhich ted 1o the HeS=38 turbojet engine, which
Do puwer T Hedinkel He-178. The He-178 made the world's first turvojet-powerce flignt on Augus?
Sy Ve L tiie paper oo the wvoletion and future ot acroproputsion systoems b Ciscusses the Leginnings
TN turie jeb engine i Gorraty. e sre pleascd To publish This papet 9% a companion to the article oy
Frone wnitthe dnothe May 1960 Oiacnts Toqether those papers detail the developnent of the first ot

. {ntroduction

bt i cgscussion about The evolution and future of acropropulsion syctems, | will address four main

v fapiceitdt L witl aive a very condensed overviow ot the entire evolution of acropropulsion systoems, (B)
AT
- frer bwiit highliqhs fthe beagirning of jet propulsion, including my activities in the carly phases of jet
. craina deveionrments (O) 1 will show how the evolution pronressed from fir-! qeneration simple, fixed
2
B, ! auometry torboiets th the highly complex, qiant jet and fanjet cngines of today. (D) Finally, | will
vinouna totares potentiglities ot aeropropulsion systems,
.1
K
- 3N .
{ Ao Tre bunigtion ot Acropropulsinan Systemg
; Sinco the teginning of powered flight, the avolutinas of bath the acrn-vehicle and aeroprapulsion
Vl‘ . . . .
3 syetems arc otrongly intarrelated, and are aoverned by a fow major thrusts, namely: cemands for improving
i
! recighitity, cncgrance and Lifotime inprovements in ft1icht pertformance, such as speed, ranade, altitude
f roneuverabibity, and in more recent times, strengest emphasis on overall economy. Under these thrusts the
| technoloaes of gero=velbdcio and propulsion systems advanced continuously.,
To Ggain 3 be*ter insiaht ir tno evolution of aeroproputsion systems it is necossary to be aware of the
.
|
nrenlomt L advancenerts in gero-veliicle techne)ony, We can observe @ continuous trend towards lighter an
crronger airfrome structures and materiale; from wood and fabric to all metai structures to liahter and
rore teat-roesontant materiols, and finatiy to composite materials. At the same time, the acrodynamic
o
guality of tne venicle, enaroct - o by the ratin of "Litt o Draa™ (L/D) increased over the years and
P extenced toiater fient speodas Thia i il lustrated in Fiqure 1T, which | would (ike to discuss bricfly.
!

e order net te Loae aropet historical peranective, et o recall that gt the turn of ouwr century thoe
e ncs ob aproiynamic s was in its dntancy, s itically, the phenorenon of aerodynaeic 1iE1 wan not

utttor ooty T fare o e carly pioncers coul C oot henefit trom seiontific kanwlodae; 1hov had 1o conduct

tony Gf Ahe Semithaor ian (nstitution Proan teom The Jet Ages Forty Years of Jot Avietion,
A e e, s o TGS Smithsonian Institution, Wastingter, Dede
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fFigure 1. Lift=-Ta-Drag Ratio

their own fundamental investigations. The world's first success<ful glider vehicle by Lilienthal in the
carly 1890s had an L/0 of about 5; by comparison, birds have an L/D ranqing from 5 to 20. The wortd's tirst
mar-controlled powered aircraft, by the Wright brothers in 1903, had an L/D of about 7.5. As the L/D values
increased over the years, soar planes advanced most rapidly and are currently attaining the enormousty high
values of about 50. This was achieved by employing ultra high wing aspect ratios and protites cspecially
tailored to the fow Reynolds and Mach numbers of these airplanes. Powered aircraft advanced to L/D values
of about 26 in the late 1940s by continuously improving aerodynamic shapes emplioying advanced profiies,
extremely smooth and accurate surfaces, cngine cowls, and retractable landing gears, In the 1940s, this
high aerodynamic quality was extended from the subsonic to the transonic flight speed reqime by employing
the swept wing principle, and later in 1952, the area rule of Whitcomb. In the late 1960s, the Boeing 747
attained in transonic flight an L/D of about 20. In the supersonic flight speed regime L/D improved from 5
in the mid-1950s to the currently considercd L/D vatues of about 10. This proqress can be attributed to the
application of artiticial stability and also to arca rule, and advanced supersonic protile shapes which are
made possible by advanced structures. The hypersonic speed regime is not fully exptored. Current emphasis
is placed on wing reentry vehicles and 1itting bodices where a hiah L/D is not of greatest importance.
Fundamental investiqations have shown that much greater values of L/D than thase currently employed arc
attainable.

To appreciate the technelogical advancements in propulsion technotooy, let ys again look back at the

Leginning of our century. Steam ond internal combustina enaines were then in existence, but were far too
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voovy forotlight aoptication. The Wright brothers recognized the great future potential of the internal
comcustion cnging and develnped both a relatively lightweight engine suitatle for flight application and an
ctficicent nropelior, Lot us fMow ook at the prograss of propulsion systems over the years (Figure 2). The
Wrignt nrotherst firat acropropulsion systom had a shatt power of 12 horsepower, and its ratio of power

output to total pronutsion system weight including propeller and transwission was about 0.04. Through the

TRENDS OF POWER PER WEIGHT (HP/LB)
AND OVERALL EFFICIENCY (1) OF
AERO PROPULSION SYSTEMS FROM 1900 TO 2000
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fFiqure 2. Progress in Propulsion Systems

subsequent four decades the horsepower weight ratio improved by more than an order of magnitude, to about
0.7 hp/ib. The power output of the largest engine amounted to about 4000 hp and the overall efficiency
(anqgine and propeller) reached about 25 parcent. In the mid 1930s, the turbojet came into being. This new
propulsion system was immediately superior over the reciprocating engine with respect to power-to-weight
ratio; however, its overall efticiency was initially lower than that of the reciprocatinag engine. As can be
senn, proqress was rapid. In less than four decades the power-to-weight ratio incrca.dh more than tenfold
and the overall etficiency exceeded that of a diesel propulsion system. The power output of today's largest
aas turbine engines reaches nearly 100,000 horsepower,

These truly qigantic technological advancements had an enormous impact on flight performance. The
improvements in acrodynamic quality and overall cnqgine etticiency tremendously increcased the flight range
and total aircraft economy. The lighter vchicle structures and qreater engine power/weight ratios had a

crucial impact on aircratt mancuverability and flight speed.
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The increase in flight speed over the years (Fiqurae 3) may be best suitet as a hasis for discussing

the evolutions of acro-vehicle and aeropropulsion systems. in December 1903, the Wriaght brathers succeeded
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Fiqure 3. Increasc in Flight Speeds

with the first man-controllied powered filight in the world. While the flight speed was only 30 mph, the
consequences of the first flights were enormous:

(1) Worldwide intercst in powered flight was stimulated.

(2) The science of aerodynamics received a stronq motivation.

(3) The U.S. Covernment became interested in powered flight for potential defense applications.

In 1909 the Wright brothers built the first military aircraft under qovernment contract. During World
War |, aircraft tcchnoloqy progressed rapidly, The tlight speced reached about 150 mph, and the enqine power
output 400 horsepower. After the war military interest dropped, but aircraft technology had reached such a
degree of maturity that two nonmilitary application ficlds could cmerge, namely:

(1) Commercial Aviation ~ Mail and passenqer transport. (First all metal monoplane for nassenger and
mail transport: Junkers F13, 1919,)

(2} Stunt Flying leading to General Aviation, (Sport and private transportation.)

in the period from 1920 - 1940, the speed increascd about 350 mph throuah evolutionary improvements in
vehicle acrodynamics and enqine technoloqv, such as supercharger, variable pitch nropeller, and
improvements in enqine desiqn, structures, and materials.

At the end of World War 11, the flight speed of propeller aircraftt reached about 400 1o 450 mph and

the power output of the largest reciprocating enqgines was 4000 horsepower. This constituted about the
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per formance |imit of the propeller/reciprocating enqinc propuision system. Today, the

—_————

propel ler/reciprocating engine survives only in smalter, lower spead aircraft used in gencral aviation.

. During the 1930s, jet propulsion emeraged which promised far qreater flight speeds than attainable with

the propeller/piston enginc.

¥ The first jetr propelled experimental aircraft flew in Summer 1939, and in carly 1941 the first

. . prototype jet fighter began flight tests.

In 1944, mass produced jet fighters rcached a speed of 620 mph.

" In the early 1950s, jet aircraft transqressed the sonic speed. In the mid-1950s, the first surnersonic

jet bomber (Hustler) appeared, and later the B-70 which reached Mach 3.

Also during the 1950s, through more than 15 years of military development, aas turtine technoloay had

reached such a maturity that commercial applications became attractive:

y (1) Commercial Aircraft, e.g. Comet, Caravelie and Boeing 707.
(2) Surface Transportation (land, sea).

(3) Stationary Gas Turbines.

3 In the early 1960s, the high bypass engine appeared which revolutionized military transportation.

A

3 ? In the end 1960s, based on the military experience with high bypass engines, the second gencration of

y, |

'I f commercial jet aircraft, the "Wide Body Aircraft" with large passenger capacity, such as the Boeing 747,

o and later the "Tri-Stars," came into being. By that time the entirc commercial fleet exclusively used gas
4

p turbine engines.

=

3 i Advantages for the airlines were: (1) overall fan jet efticiency equivalent to diesel; (2) overtaul

.T between about 5 million miles; (3) short turn-around time; (4) passengers enjoy the very quiet and

;e ' vibration-free flight, the short travel time, and the comfort of smooth stratospheric flight.

' ; By the end of the 1960s essentially the entire business of passenger transportation was diverted from

| ships and railroads to aircraft.

i In the mid 1970s, the third generation of commercial transport, the supersonic Concorde, 1500 mph,

appeared with an equivalent power output of about 100,000 horscpower.

|

In summary, the evolution of aero-vehicle and aeropropulsion systems looks, in hindsignt, like a

e P o a e &

masterplan. The evolution began with piston enqine and propeller which constituted the best propulsion

system for the initially low flight speeds, and had an outstandinqg qrowth potential up to about 450 mph. ;
In the late 1930s, when flight vehicle technoloay reached the ability to enter into the transonic :

tlight speed regime (in excess of 500 mph) which was beyond the capability of the propeller/piston enqine,

the jet engine had just demonstrated its suitability for this flight speed regime. A vigorous jet enaine

development program could be launched. Soon the jet engine proved to be not only an excellent transoric but

also a supersonic propulsion system. This resulted in the truly cxploding growth in flight specd,

It is interesting to note that military development preceded commercial apuplications by abcut fifteen
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to twenty years of both the propeller engine and the gas turbine engine. The reason is that too many
generations of improved propulision systems were required before a commercial utility could be envisionod.
Today, after 75 years of powered fliqht, the aircraft has outranked all other modes cf passcnqer
transportation and also has become one of America's greatest single export articles.
The evolutions of both aero-vehicle and aeropropulsion systems have in no way reached a technological
level which is close to the ultimate potential! The evolution will go on for many decades toward

capabilities way beyond current feasibility and, perhaps, imagination, which | will discuss later.

B. The Beginning of Jet Propulsion
Let us now bring the beginning of jet propulsion in focus.

In the time period around the early 1930s, aircraft performance was in a state of continuous
advancements. The flight speed was around 250 mph, sufficiently away from any critical speed [init for
airplane or propeller/piston engine; and therefore no immediate need for a radically new propulsion systor
seemed to exist. However, this situation changed in 1935 when the theoretical possibility of fliaht speeds
near and above the speed of sound was envisioned by a swept-back wing. This historical event is described
in Dr. T. von Karman's Memoirs, "The Wind and Beyond." Let me quote:

"The tifth Volta Congress in Rome 1935 was the first serious international scientific congress
devoted to the possibilities of supersonic flight. | was one of those who had received & tformal
invitation to give a paper at the conference from |taly's great Guglielmo Marconi, inventor of the
wireless telegraph. All of the world's leading aerodynamicists were invited.

"This meeting was historic because it marked the beginning of the super.onic age. 1t was the
beginning in the sense that the conference opened the door to supersonics a a meaningtul study in
connection with supersonic fiight, and secondly because most developments in supersonics occurred
rapidly trom then On, culminating in 1947 -- a mere eleven years later -- in Captain Charles Yeager's
piercing the sound barrier with the X-1 plane in leve!l flight .., In terms of future aircratt
development, the most significant paper at the conference proved to be onc given by a young man Dr.
Adolf Busemann of Germany ... by first publicly suggesting the swept-back wing and showinq how its
properties might solve many aerodynamic problems at speeds just below and above the spced of sound."
The prospects of the propeller/piston engine as a propulsion system for flight speeds above subsonic

speed were by far not as good as those of the acro-vehicle for a number of reasons. One of the maior
reasons is that the propeller becomes inefficient and very noisy at high subsonic flight speeds; anntber
reason is that the power-to-weight ratio of the reciprocating engine is too small for high sutsoric ane
supersonic f!ight speeds.

In hindsight, this situation was idea! for launching the development of a radicalty new propulsion
system that promised the capability of flying much faster than the propeller/piston engine. At that time,
however, the aircraft engine industry had no understanding of the necd for future high speed propulsion
systems. As a matter of fact in 1938, when the German Air Ministry tried to sponsor the development ot
turbojets, the aircraft engine industry was completely negative to such a project.

| cannot claim that | had a clear picture of the imminent need for jet propulsinn, nor was | aware ot

the various turbojet propulsion patents already in existence such as the patent of Guillaumc (1921) and the

farsighted patent of F. Whittle (1930). My enthusiasm in jet propulsion was based more on the intuition
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that a continuous aerothermodynamic propulsion process could be inherently more powerful, srioother,
tighter, and more compatible with the aero-vehicte than a propeller/piston engine.

In the Fall of 1933, my thoughts beqgan to tocus on a steady aercdynamic flow process in which the
energy for compressing the fresh air would be extracted from the expanding exbaust qas. Such 3 steady tlow
process promised a far qreater air volume handling capability than that of a reciprocating engine and
consequently a much greater power concentration and power-to-weiqght ratin. Also, the air ducted into such a
system could be decelerated prior to reachinq any Mach number-sensitive enaine component, Both of these
characteristics are of greatest significance for a hiqgt speed propulsion system,

first, | intended to accomplish this process without employing moving machinery by brinaing the
inflowing fresh air in direct contact with the expanding combustion gas (a kind of ejector process). But
after studying specific processes and contfiqurations, it became apparent that such types of processes wuuld
have enormous problems with respect to internal losses and adverse heat trensfer effects caused Ly mixing
between fresh air and combuster gas. | put this idea aside for future censiderations ond began fo
investigate a propulsion process i which compression and expansion were scparater, and carried out by a
turbo-compressor and turbine respectively. Searching for an extremely |ightweight, compact and simple
confiquration having a minimum development risk, | chose a radial outflow compressor rotor back-to-back
with a radial inflow turbine rotor. This configuration also promised correct matching simply by providing
equal outer diameters for the straight radial outflow compressor rotor and the straight radial inflow
turbine rotor. | was aware of the possibility of employing axial flov compressors and turbines, and |
considered an axial flow confiquration as very desirable for future develupments from a standpoint of small
frontal area, but as too complex and expensive for the beginning. In particular, stage matching of a
multistage axial flow compressor and matching of axial flow coﬁprcssor and fturbine without component tcst
facilities appeared to me too risky.

During 1934, | conducted rudimentary design and weiaht studics and made some . formance calculations
based on a pressure ratio «. 3:1 which appearcd attainatle witr a sinate staqe compressor and a turbine
inlet temperature of about 1200 to 1400 degrees Farenheit. |t appearcd that at a hiah tlight speed of about
500 mph, an overall ctficiency could be obtained which was around 60 percent of that of an equivalent
propel ler/niston enqinc. The corresponding high fuel consumptinon was somewhat discouraaing. However, the
weiaght of such a propulsion syst 1 promised to he only a fraction quarter or less) of that of an
cquivalent propeller/piston engine sysiem, At that time the aroputsion system of o finhter aircrats
constituted a much greater woight porticon than the fuel, and consejuently the above trade betwenr fuel
weiqht and propulsion system weight scemed to Y o very fovorabile one.

ALl in all, ) was cncouraqed and beqan patent procedurcs. My greatest concern was what approach to
choosr tor selling the P 'ea of turbojot propulsions | felt that in any case a working modael would te most

important, and so | decidad at the ond of 1934 40 have a model buitt at my own expense at the auto repair
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shop and garage "Bartels & Becker" in Goettingen.

| was well acquainted with this repair shop and with the head mechanic and machinist, Max Hahn, long
hetore | thought of jet engines. | had a small car which | parked there, and in this way | had frequent
conversations with Hahn about automobiles and other technical subjects, and | had gained the impression
that Max Hahn had an outstanding natural enqineering talent and was specifically knowledgeable in
manufacturing methods.

So it came that | discussed with Max Hahn the cost and possibilities of building my demonstration
model. | showed Max Hahn my sketches; he made many suqgestions for simplification and changes to enable
manufacturing the model with the machine tools of the auto repair shop. Hahn's ingenuity and practical mind
brought the construction of my model within the realm of my financial means. Including combustor, the total
price estimate was slightly greater than 1000 marks! The actual price was somewhat greater, mainly due to
some changes. 1 is difficult to convert in a meaningful manner 1000 marks' work of machine-man hours of
1935 into doltars of today. 1f ( would build the same model today, it probably would cost more than
$10,000.

The photos show the back-to-back compressor-turhbine rotor (one shroud being removed) (Figure 4);
primitive balancing on a lathe of Bartels & Becker's repair shop (Figure 5); and Max Hahn with the complete

mode! enqine (Figure 6).

Figure 4. Back=To~Back Conpressor-Turbine Rotor

In this time period | worked at my PhD thesis in the Institute ot Physics, G.A. University,
Gonttingen, under Prof. R.W. Pohi. | showed Prof. Pohl my theoretical investigations, the results,
conclusions and a program for my workina mode!. Although this was quite an extracurricular activity,
completely unretated to my thesis and to the work o the Institute, Prof. Poh! was open-minded and reacted
very positively, Generously, he gave permission for the ure of instruments and equipment of the Institute

and for conducting experiments in the back ot his Institute. | made essential measurements of temperature
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Figure 5. The Bartels & Bucker Repair Stop

Figqure . Max Hahn

and pressure distribution and qained valuable experience. Unfortunately, the gasoline combustors were not

| functinning. 1t appeared that the combustinn did not take place within the combustor, but rather inside the
radial turhine rotor extending into the exhaust jet; long yellow flames leaked out of the turbine, and the
apparatus resembled more a tlame-thrower than a turhine. The malfunctioning of the combustors was
suhstantiated by temperature indications on the metal surtaces and the formation of lampblack depositions.

Self-sustained operation could not be achieved, however, the starter enginc was greatly unloaded. While the
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exper inental outcome was very disapnointinag for me, | cannct forget an cocing iratoro ey Mar behn e,
normally was very storn antd skeptical, seermed in this incYence quite positive ar ! corinictics He exuroesas?
hone and ortimism in view of the fuct that the drive rotar was greatly und caded soo 10t dn o dlames Came
out ot the right place with sceemingly qreat speed.

These tests indicated to me that the fundamental compustor inves*tications and oysteratic cevelonmer ty
wero necessary which would require tTime and rmonev excecding my nrivate meacs, Again, Prof, Pobl care to my
rescuc. In a very cordial discussion ho degltared that he was convinced of o cnrrectones, of my
considerations and of the groat ftuture potentialities of (ot procualsior. Hewever, the suagested that
industrial support would he nccessary. Prof, Pohl was willina to aive me o recammendat ion catter 1o any
company of mv own choice. tntuitively, | thouaght that the engine in“uotry woul ' he neqetive toward 3 gas
turbine development; and thereforce t sugaested the Heinkel Corporation, since Heinkel was tre cole owner of
his airplane company, and his unconventional thinkina and enormous intarest in the development of
hiah-specd aircraft werc aenerally known.® Prof. Pohl wrote a lettor of recommendation to Heinkel, andd
thereupon Heinkel invited me to come to his home in Warnemuende. He arranged a conterence between me ang 2
group of his leading engineers about my jot enaine proposats. The enginvers were undecided. The tfuel
consumption of the jet engire secmed to the groun extremely high, tut the power-to-weiakt ratin of a
turbojet was considered as potentially hetter than that ot the propeiler/piston enaine, Heinkal's two ton
aerodynamic desiqgners, Sieafricd and Walter Cuenther, emphasized the nced for hich power output per frontazl
arna (more than 2000 equivatent horsepower per square meter of frontal arca). Thaov also acknowledaed to
importance of abolishing the propelier in view of future high-speed aircraft. | suqaested that the jeot
engine also could be utilized for the aeneration of direct lift. The back-to-back compressor turtine
confinuration could lead to a flat "pancake" type engine suitabte for wing installation. The thrust could
potentially amount to several times the enqine weight. Heinkel's engineers felt that this iet engine
application was not attractive; however, since they did not altogether rcject the idea of jet prorulsinn,
Heinkel entered into an aqreement with me. tpon my insistence he made two separate contracts, namely one
royalty agreement and one emnloyment contract (beqginning on April 15, 1936). Max Hahn also became emploved
upon my request, after initial difficulties were resolved.

Heinkel wanted to. keep the jet development apart from his aircraft organization with the qoal to form
a separate qgas turhine division in the event that the early phases of jet development were successful. for
this purpnse he made a clause in my employment contract that | would report and be responsible directly to
him for the development of the jet engine. However, for reasons of security this developmont was called
Sonder-Entwicklung, i.c., "Special Development" rather than jet engine development, For the same rcason he
wanted the location of the "Special Development™ to be seaparated from the rest of his company, and so a

T Tearncd loter that my belict about o neqative attitude of the engine industry toward et arcpulsion was
viry true; even the Air Minisiry had qgreat ditficultios fo porsuade the engine industry 1o ccce b gqenerous
contract otters tor jet engine Jevelopment,
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kind of temporary small building with an adjacent semi-open test stand was erected a consideruble “istance
away from the main building complex. This building provided working space for cight people. After the
building was finished (early June 1936}, Heinkel detailed Max Hahn and Dip. ing. Wilhelm Gundermann with
initially two draftsmen to the Special Development.

Heinke)l explained to me that he wanted the jet enqgine development To remain his own enterprise, not
sponsored by the Air Ministry. He was extremely anxious to fly with jet propuision as soon as pussihle, anc
gave me as a technical target an enginc thrust of about 600 kilograms. He wanted me to beain immediately
with the design of such an engine suitable for flight. Ground testing should begin after a tine span of one
year, on about June 1937.

It became quite clear to me that my originai plan to develop first a we!l-functioning combustor and
then begin with an engine design was impossible in view of the political climate and my rather tenous
position in the corporation and, most of alt, the great impatience of Heinkel. Cn fthe other hand, it wae<
also clear to me, from previous experience with my first model, that a poorly functioning combuster could
result in a nonfunctioning eugine which could wefl mecan the end of the turbojet project. In this situaticn
| decided to follow a twofold approach, namely to build very quickly a simple jet enqine of minimum risk,
which would demonstrate the jet principie in a very convincing and impressive manner, and to begin
immediately with a systematic gasoline combustor development. | was cunvinced that after s successful
demonstration of a jet engine | could win the necessary timespan for the development of combustor ang
flight engine.

The combination radial outflow compressor and radial inflow turbine in my judament was an ideal
confiquration for a jet engine of very low development risk. In order to also have a very low risk
combustor, | chose gaseous hydrogen as fuel, which was known to have a very high difttusion speed and a very
wide fuel-air concentration range in which combustion is possible. | had conceived a hydrogen cermhustor
which | was sure would function very well and would not need time-consuming pre-tests. This hydrogen
combustor consisted of a large number of hollow vanes with blunt trailing edges placed within tre airduct
between compressor stator exit and turbine stator inlet (sce Fiqure 7). The gaseous hydrogen was ducted

into the hollow vanes and was injected into the wake downstream from the vancs throuah o number of smalt
holes along the blunt trailing edge. My greatest attention was devoted to the calculations end layout of
the hydrogen combustion engine and to the development of the gasoline combustor. Gundermann and Hahn worked
on a desiqgn concept using spin-parts riveted to ring flanges. Gur ‘ermann particulfariy made the mechanical
calculations of the sheet metal rotors and discs. The Heinkel Corporation was, as an airframe company, wcll
equipped to produce quickly large spin-parts, tut was unahie to manutacture the ring flanqes and the rotor
discs. These parts had to be manufactured in a necarby shipyard,

The gasoline combustor development program was as follows:

(1) Installation of o two horscpower Sirocco blower with controllable hypass.
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(2) lInvestigations on segments of annular combustors,
a. Influence of the shape of the combustion chamber.
b. Flame holding mechanisms.
c. Methods of gradual air addition.

‘ d. Factors influencing combustor volume for given pressure and fuel tiow,

e. How to obtain a low tota! pressure drop through the combustor. !

(3) Gasoline vapor generation and injection into the combustor (generation of hich prossure <asolire

i

t

vapor by an electricafty heated pressure boiler). i
(4) Combustor utilizing atomized liquid fuel.

b
AR

” P

;| .
. a ‘Ki‘
1

i -.h—§=—1-» ‘9—— ———
- (Built in 1936; tested in April 1937)

. Radius of rotor - 1'
; Thrust - 2504
} 10,000 RPM

i Figure 7. Radial Turbojet (He.S.1) with Hydrogen

= During 1936 we made only slow progress in the combustor development proaram becausc hicraest priority E

was placed upon design and construction of the hydrogen demonstrator engince He.S.l.
The He.S.1 engine was completed and installed in the test bed ahout the end of Fohruiry 1937, § ar rot i

certain about the exact date of the first run of the hydrogen engine; it may have beer in fate Febraur. or

early March.® During April most of our test runs were completed.

i The apparatus fully met expectations. |t reached the anticipatrd partfermance, i1 tandied very wotl e

acceleration and deceleration, probably because of the relatively small momont of inertic f comprons e and

*Heinkel wrote in his Memoirs that the first run of the hydrogen engine He.S.1 took place in Septemter,

1937. This date is definitely wrong because | remember several comments, in which ninc wuntt s troe the
beginning to the first run werc emphasiczed. In addition, | recall that water pucdles in toe vicir ity of 1hg
jet made the demonstration very improessives During Mer. b and carly April we often bad nizht treo ) ang

prior to our first demonstrations to Heinkel's top vnaiacers and important visitors, the tost me nanig
cracked the thin ice covorage of the puddles.
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turbine rotor and the great stability of the hydrogen combustor over the wide operational range. Most of
all, the psychological effect was enormous. Heinkel and his enginecrs suddenly beliceved firmiy in the
teosibility ot turbojet propulsicn, and my position in the company was now very firm. |t also was a
considerahle morale boost to my co-workers and myself.

It should be notcy that Whittle's engine made its first run at the end of April 1937; but in contrast
to the Heinke! cnqginc, the Whittle enqine alrcady operated with liquid tuet, and the first test run was
witnessed and documented. Fur tnese reasons a comparison of the dates of the first test runs ct Heinkei's
hydroaen engine and Whittle's liquid fucl engine is, in my opinion, not meaningful.

After the sucessful demonstration of the He.S.1, Heinkel exerted a strong pressure for an accelerated
flight engine program, We areatly intensificd our combustor development efforts, heqginning in May 1937, and
in less than nne year, in early 1938, a combustor with excellent operational characteristics and very low
totel pressurc drop was achicved. Thase combustors worked best, however, with qasified fuel. The tests with
atomized liguid fuel still exhitited some difticultices during starting and low-speed operation which were

ter overcome. Max Hahn had helped me most ctfectively in the experimenta! phases of the combustor
development proqram.

I should mention here that Gundermann, Hahn and | worked as a team where cach of us had an idea of
stronaqest fecnnical interest and competence: Hahn in manufacturing techniques and combustion
experimentation; Cundermann in stross analysis and mechanical designe. He also was head of the group of
drattamen, | aave the overall technical direction, such as utilizing hydrogen for the first test engine and
establishing the progrem for the combustor development. | also made the layouts for tie test engines,
specifically the thoarmodynamic aralysis and the internal acrodynamics, and became versed in the desian

technigques of axial flow comprassors.,

figqure Be 14957 eesian




USAFA-TR-81-11

During the last months of 1937, the Guenthers began with predesign studies of the first jet propelled
aircraft and specified as a necessary thrust 500 kilograms., This aircraft was in many respects an
experimental aircratt for demonstration of the principle andcharacleristics ot jet propulsion, but had
already provisions for some armament.

In late 1937, while | was working on various layouts of the flight engine, Max Hahn disclosed to me an
idea of arranqing the combustor in the large unused space in front of the radial flow compressor. He
pninted out that this would greatly reduce rotor length and total weight, | thought that this was an
exccllent idea. | could see many additional mechanical and aerodynamical advantages. So | incorporated
Hahn's suggestion in the layout of the flight engine and worked out the acrodynamics of the air ducts and
the mixing of the flame qases with the bypass air (Fiqures 8 and 9).

In view of the initial difficulties | had with Max Hahn's employment, it gave me great satisfaction to
notify Heinke! and the Patent Division about Hahn's proposa!. The company proceeded with an international

patent.*

Figur» 9. 1957 Design

Aci-c from the combustor problems a ma o .wlty of the flight engine lay in the need for
achieving a hiqgh massfiow and high component efficiencies of compressor and turbine. The high massflow was
cbtained by an unconventionally targe ratio ot comoressor rotor inlet diameter to rotor exit diameter.
Normal ly such a compressor confiquration would result in very large inlet losses caused by too high Mach
numhers and ton larqge intet blade curvatures. | tried to reduce these tosses by means of an axial inducer
staqe which qave the inlet flow both a pracompression and a prarotation, thereby substantially reducing the
mach number and curvature of the rotor inlet blading.

Since the flight enqine had to he completed in a very short time (carly spring 1939), we had to freeze
"The gggigUyygiyqjiffﬂifﬁgg speaks of & joint patent of Max Hahn and Hans ven Ohain. This is incorrect;
Hahn was the sole inventor of the "fFront Combustor® contiguration. The von Ohain patonts had bwen applied
tor several years prior to Max Hahn's patent application.
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the dosian in about early summer 1938. At that time the combustor with atomized {iquid fuel injection was

not working entirely satisfactorily; thercfore, we uscd the system with internal fuel gasification for the
fi. st flight engines (Fiqure 10), It was planned to utilize an independent accessory drive for the tirst

fiignt engines; for later engines, utilization of the atomized liquid fuel injection and a mechanical

sccesory drive developed by Gundermann was planned.

Fiqurc 10. 1938 Design

About early 1938 the detailed design of the He 178 heagan. Gundermann made essential contributions to

the ctape of the air inlet, ahd the air and exhaust gas ducts (Figures 11 to 14),

Ir late spring of 1939 engine and airframe were completed, but the net thrust was considerably below

the anticipated 500 kilograms; therofore, a take-off from the rclatively short company air field was not

considle. We made a number of internal engine adjustments, specifically in the exchangeable

e sor=gitfuser and turbine stator. In August the enqine performance reached nearly the anticipated

v aes, On Auqust 27, 1939, Heinkel's test pilot, E. Warsitz, made the tirst successful flight.

- ———

mnrmn e

Figure 11 Detiilod Design of the 1958 He 178
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: Fiqure 13, The He 178
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Figure 14, Tree He 178
Heinket! immediately informed hiah Air *inistry oftficialy atout this tlight ant invited ¢
p dernonstration which took place in Faltl 1939, To Heinkal's disappointment, hiq vicitar, wore g

inditferant. Nevertheless, a fow months later Heinkel'ya proposal tor o jot fighter, the He-28

He S8A turbojets installed under the wing, vias acceptod Ly the Air Minictey (Finures 15, to,
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Figure 19.  The He-280, tho Heinkel Jet Fightur

It is not the purpose of my presentation nor is it possibie to give herc a complete pictur: of the

German Turbojet development; however, a few facts and highlights may be appropriate.

In the early phases of the German turbojet devclopment, from about 1936 to the carly 194us, the higher i

echelons of the Air Ministry were skaptical or disinterested in turLojet development. In strong contrast to {
this ottitude, the tuchnical group of the Air Ministry hooded by Hans Mauch and later by Helmut Schelp were i
from the beginning strong proponents of this new propulsion system. In tact, Schelp had personaliy 3

investigated the best application regimes of advanced acrojropulsion systems inciuding the propeller yas
turbine, the bypass engine, the pure turbojet and the ramjet, which he presented to the German Academy of

Aurcnautics in the late 1930s. He used the results ot his study for planning and quidiny purposes. Both
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Figure 16, Tho He S8A
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Mauch and Schelp appreciated Heinkel's complete lack of experienced engine designers, facilitics, and
-4

s bl

machine tools. Therefore, Mauch and Schelp approached the German aircratt engine industry in 1938 and

} I offered contracts for study and development of turbojets. The aircratt engine industry, however, did not

,' j believe in nor was interested in gas turbine engine developments. After many initial difficulties Maucti aud
! Schelp finally succeeded in their negotiations with Junkers, Bramo, BMW; and these companies accepted jet
engine study contracts, while Daimler Benz ultimately retused. The Junkers' development of the 004 cengine
was headed by Dr. Anselm fFranz who was in charge of internal aerodynamics and furbo superchargurs, while

. Dr. Herman Oestrich became head ot the 003 development tcam atter Bramo and BMW had merged.

Figure V7. The He SEA
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Heinncl's competitors had larger teams with great engine design competence and cxcellent facilities.

Heinsel realized tue need for an engine company and made an agreement with the Air Ministry to purchase the
Hirth Engine Company -~ a side condition was that the He-280 should make its tirst flight in Spring 1941,
The He=28C actually flew for the first time on April 2, 1941, and a few days thereatter Heinkel could
acguire the Hirth Company.

in subsequent flignt test of the He-280, a top speed of 485 mph was attained at 20,000 foct ailtitude,
vut higher speeds (about 550 mph) were expected once the anticipated engine thrust (1600 pounds), would be
reached.

Uuring tne tollowina two years, nine prototypes of the He-280 were built and tested at military

proving grounds, and on various occasions flight demonstrations werc made. In one instance a mock combat
betwoeen the He-280 and a contemporary propeller fighter was arranged wherc th: He-280 displayed clear
superiority.

In the Spring of 1942, prospects tor preproduction of the He-280 looked favorable, while the
Messerschmitt 262 with axial flow fturvojet Jumo 004 was plagued with scveral probiems and delays. However,
this picture soon changed when The main difficulties with the Me-262 were resolved by early 1943, Tne
Me-262 proved to be superior over the He-280 with respect to both aircraft and engine performance and was
chosen tor future large-scale production. Therefore, in March 1943, work on the He-280 was termiunated. The
pertormance of the Messerschmitt advanced rapidly and in mid 1944 3 specd of 624 mph was demonstrated.

By the end of 1944, the BMW engine (003) was chosen tor the Heinkel He-162.

For the Heinke! Corperation thce most important result of the early flights of the He-280 was the
acquisition ¢t the Hirth Company. In 1942 | joined with my team the newly created Heinkel-Hirtn Company.
The former Hirth Company not only had excellent shops and facilities, but also outstanding scientific as
well as practical engineers and support personncl. Integretion of the former Hirth and Heinket tcams into a
restructured broader organization proceceded very harmoniousiy. Top engineers of the Hirth group received
leading positions in this new organization. One noteworthy example is Dr. Max Bentele, renowncd
aeromechanical engincer with a national reputation in turbine blade vibrations. Dr. Max Bentele tecame
Chict of the: Gao Turbiine Component Development Division in the newly-formed Heinkel-Hir+th ornanization.

In Fall 1942, the Heinkel=Hirth Corporation received a government contract to develop a new turbojet,

tne HeS.G11, Tne: technical and performance specitications had been worked out by H. Schelp of the Air

Ministry, who then had envisioned the future neced for a higher pertormance engine for new applications as
wzl | as o roplacement of the Jumo 004 and the BMW 003. Emphasis was placed on a high compression ratio ot
about 5:1 tor greater fuel cconomy ond aircratt range, a thrust of 3000 pounds and no utilication ot
strategic mn1ck}als such as nickel which calted for o completely air-covled turtine.

We abandoned the radial outtlow comprussor and radiol inflow turbiine, which are living on, however in

smat! qas turuvines. Dr. Max Bentele devised a novel air-cooled axicl turbine with a most etficient
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utitization ot cooling air and extremely low manufacturing cost (Figure 18). By the end of 1944 the
specified pertormance had teen met and transgressed, and production drawings had largely been completed.

Beginning of production was scheduled for early summer 1945,

Figure 18. Air-Coolud Axial Turtine Devised by Max Bentele

In Great Britain the early turbojet development was carried out by essentially one man, Sir Frank
Whittle. His first turtbojet patent in 1930 of an axial flow compressor followed by a radial inflow
comprassor represented a very advanced confiquration, Although radial flow compressors in large turbojet
¢ngines have been abandoned for o long time, they may have an excellent chance for a comeback as the last
stage in o multistaqe axial flow compressor in large fan engines.

Whittic's first test stand engine, having a single U-shape combustor, ran in April 1937, which
represented the first tiquid fuel aircraft ges turbine test run in the worid. Sir Frank Whittle achieved
nis qoals in the face of greatest adversitices. His struggle and final success, ond the early phases of
Great Britain's industrial jet developments are excellently described in his book Jet.

In the Uniteg States theorctical investigations on jet propulsion were conducted by the Burcau of
Standords in the early 19205 based on a system in which a turbo-compressor was driven by a reciprocating
ungine (similar to the Caproni Compini system flown on August 28, 1940). The high overall propulsion system
weight and the Jow propulsive efticiency due to the relatively low speed of aircratt at that time made this

prouulsion system appear unattractive.
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bn the late 1930s two yas turvine cngine developments were undertaken: The turbodyne propeller gas
turbine and tue purc turbojet of Dr. Nathan C. Price. Both engines had very advanced design features and
oxtreme nign pressure ratios, which were too far beyond the state of the art and thus could not succeed.

In Summer 1941, General H. Arnold became aware of the Whittle engine and its .ircratt, the Gloster E
28/39, which had made its first flight in May, 1941, General Arnold recognized the enormous future
potential ot jet oropulsion. After an agreement was signed between the American Secretary of War and the
British Air Conmission, the whittle enginc and drawings were shipped to the United States in late
Septenmber, 1941. Upon direction of General Arnold, a copy of the Whittle engine was to be built by the
General Electric Company in Lynn, Massachusetts, becausc of the company's great experience in
superchargers. At the same time a twin jet airplane powered by the G.E. engines was to be constructed by
Belt Aircraft Company in Buffalo. A few months thereafter on March 18, 1942, General Electric built Whittle
engine GEVA, ran it on the test stand; and October 3, 1942, the Bell Airacomet (XP-59A) equipped with two
GETA engines flew successfully at Muroc, California and reached flight altitudes up to 10,000 feet. For the
United States the Jet Age had bequn, and soon after this flight the United States industry was building jet
engines of their own design.

In France, turtojet development was essentially dormant during World War Il. After the war Dr.
Ocstrich and his team who had developed the 003 which ultimately had demonstrated outstanding pertormance
characteristics went to fFrance and laid the foundation for France's furbojet industry. The enormc
know-how of this group and the advanced turbojet projects they transplanted to France minimized {ie effects
of France's inactivity in aircraft gas turtine development during the war, and in the mid 1950s the French
Caravclle and the British Comét were the earliest mass produced passenger jet transports in the world.

In Russia, | betieve, the acquisition of Rolls Royce engines has made a great impact on Russian jet
technology, but the entire Russian turbojet evolution is not sufficiently know to me to assess this with

certainty.

C. The Evolution of Aircraft Gas Turbine Engines
The early jet cngines were simple and had a ratio of power output to weight far more favorable than

piston engines (about two to three times greater), and were capable of greater flight speeds than propeller
engines because the compressor etements were shrouded. However, lifetime, reliability, and overali fuel
efticiency were substantially below the standards of propeller/piston engines.

Consistent with the initially stated thrusts, the broad goals in the gas turbine development can be
briefly stated as follows:

(1) Improvoment of Structural Integrity for Greater Endurance, Life Reliability, and Total Life Cycle
Cost Rediict on. Since the lata 1940s, a tromendous effort has beon made to combat tatigue by analytical

asTir  .ons of vibrations, croation of advanced diagnostics ftechniques, advanced materials and
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manutacturing processes. Through the' 2 efforts tne engine life has increased from 20-40 hours in the miy
1940s fo currentiy 10,000 hours and more.

\2) Improvement of Cverall Efficiency (Tnerwodynomic and Propulsive Efficiency) for increasing Fuel
Economy Range, and Total System Cost. The first step toward higher thermodyncemic cfficioncics was
increasing the turpine and compressor pressure ratio. From preussure ratios of 4:1 in the mie 1940s to 10:1
in the 1950s, 20:1 in the late 1960s, and perhaps 40:1 in the futurc. Such high pressure ratios necessitate
more than one spool compressors, variable stator vanes, better shrougs, scals, and pcssibly gap control. As
a consequence of the increasing number ot variable geometry enginc components, tne control systems became
more and more complex and sophisticated.

While the thermodynamic efficiency was continousty improved, the propulsive efticiency had to he
increased also in order to attain highcest overall efficiencies. For this purpose the ducted fan engine was
employed by which the massflow of the jet is increased, while the average jet velocity is decreased,
resulting in an improved propulsive efficiency. The first ducted fan engines were built in the mia 1950s
with relatively low bypass ratios (1:1 to 2:1). The probtems associated with high bypass ratios, around 5:1
and possibly greater, werc resolved in the carly 1960s with the help and support of the Aero Propulsion
Laboratory, Wright Patterson Air Force Base, especially of Cliff Simpson.

(3) Improvements of the Ratios of Thrust-to-Engine Weight and Frontal Area. Improvements in
thrust-fo-weight rotio have a strong impact on aircraft maneuverability, flight envelope, and speed
capability. Unfortunately, the above described improvements in overall cfficiency have inherently an
adverse effect on the thrust-to-weight ratio of the enginc. However, simultuncously with the efficiency
improvements, strong efforts had been made to reducc engine secight. This rosultud in the trends shown in
Figure 2 which indicate that both overall efficiency and power-to-weiyht ratio increased over the years.
The weight reductions were achieved by the following means:

a. Advanced designs constantly striving towards stronger and tighter structures.

b. Lighter, stronger, and more heat resistant materials.,

c. increase in throughfiow per frontal area approaching the theorcetical tinit,

d. High stage pressure ratio in compressor and turbine to reduce number of stages and thereby
total engine weight.

e. Higher Turbine inlet Temperature: la the mid 1940s, turbine inlet tenperatures were arowng 140U
degrees Fahreonheits These temperatures were increascd continuousty tnrough the following
technological advancements: more uniform and suitable combustor exit temperature protiles,
improved internat ccoling methods, advanced materials and materials trueatment, sucn as directionad
solidification, and advanced manutacturing techniquese As o result, touuy's turbine inlet
temperatures are nearly doubled.

t. Increase in Engine Size: In the carly 19405 the engine thrust was ranging between 1000 and 2000
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pounds. With the advent of the large jet fransports and jet pombers in The cur by 195us ocnyine
thrust rose to more than 10,000 pounds. With supersounic aircroft wnd still largur transports (CYa
and Boeing 747}, the thrust of the largest engines is now groecter than 50,000 Lounds.

g. Constant and Variable Cycle Engines: For aircraft missions witn constant speud over moul of 1o
o mission time, for cxampie a fong-range transport with fliaht Mact numbier C.9, toe cngine would e
optimized for this particutar fiight speed. Efficiency trends of vorious types of acropropulsion
systems for single speed operation are shown in Figqure 19, which | will ¢iscuss urivtty:

h. For subsonic flight, the propeller-gas turbine with very high prossure ratic is the best

propulsion system.
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! Figure 19. Trends in Acropropulsion Efficiency
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i« For transonic flight the high bypass ratio ducted fan engine is the most suitable engince. At
this flight speed the ram pressure begins to contribute to the engine cfficiuncy.

jo In low supersonic tlight, Mach 1.5, a low bypass ratio ducted tan engine can be sligntly better
than the turbojet. Engine pressure ratio can be rceduced due to high rom pressure.

k. At higher supersonic fiight speeds, Mach 2 to 3, the rom pressure becones most significant and
a low pressure ratio straight turbojet reprosents the best proupulsion system.

|. Beyond Mach 3 the ram pressure becomes so high that a turtojet would rot contribute to overall
efticiency, and the subsonic combustion ramjet is the test propulsion system.

m. Beyond Mach 6 ram pressurc and ram stagnation temperature are too high for a subsonic
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combustion ramjet. Theretore, the air at the Leginning ot the combustion is decelerated only Yo e
lower supersonic specd which led to the term supersonic combustion rarmjet.
It is interesting tou .ote that the overall efficiency of aeropropulsion systems incresnes as their
operational flight Mach number increases. The speed and altitude reqimes tor the various types of

propulsion systems are shown in Figure 20,
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Fiqure 20.  Speed ant Altitude Reaimes
L
With the advent of supersonic flight, emphasis was placed on efticient fiight operation, nut only at
E ! one specific supersonic flight speed but over a targe rcgime of flight speeds. For example, ¢ supersonic
passenger transport requires not oniy very efficient engine operation at supersounic design specd but also
: at transonic speeds ftor climbing, flying over the American contincnt, or crussing half the Atlantic in cane
one engine fails. Anotner quite different type of multimission would be @ Vertical or Short Take Ctt ancg
Landing (V/STOL) aircraft with efficiont transonic or supersonic cruise requircments. Engines which have to
operate efficiently in different flight speed regimes are often called "Variable Cycle Engines." In the
. broadest sense, they have the objective to achieve a recasonable compromise in total ctficivncy over a range
. of anticipated flight speeds. Of course, over this anticioated speed range, engine thrust must be matched

to aircraft thrust requirements, and engine massfiow to the massflow capturing characteristicn ot the inlet
duct for avoiding spillover drag.

The idea ot the variable cycle engine is more than two decades old, and some supersonic engines

actually have what could be called variable cycle features. The variable cycle engine to its full cntent is -

a future objective; it depends perhaps greatiy on the ingenuity of a specitic variable cycle engine concept i 3

-- whether pertformance gains and fual savings will outweight the increased weight and complexity of engine
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' and control system.

Broadly sketched, thesc weru the ways the evolution ot aircraft gas turbinc engines progressed from

the simple, low performance, short-lite turbojets 35 years ago to the complex, high performance long-lite

engines of today.

D. Future Aeropropuision Systems
Now, | would like to address two gquestions which are otten raised:

(1) Is the current state of engine evolution at a point where further technological advancements are

ot diminishing returns?

b (2) Is the current gas turbine situation similar to that of the piston engine in the mid 1930s, when a
M 4
1

major breakthrough in the form of a radically new engine was just around the corner?

i To the first question, the answer is NO: Fuiure technology advancements of strictly evolutionary
-‘f nature will have an enormous impact on future propulsion systems. Specifically, beneticial effects will be
]
5 wotained on tne following engine characteristics: Reliability; operational characteristics; manutacturing
2
;f'; cost; tuel cconomy; maintenance; range of engine applications; flight envelope; maneuverability. The
; ' compounded effects of these tuchnology advancements over the next decades will give the impression of a
3 technological breakthrough in comparison to our current state-of-the-art engines. The underlying estimates
ot technology advancement are as follcws: The overall etficiuncy, which currently is alrcady as high as
i ! that ot a diesel engine, may aavance by 15 percent to 20 percent, and the thrust to weight ratio may well
increase by a factor two. Variable cycle technology very likely will advance, which may turthermore
-2 contribute to fuel saving.
[ To the second question: |t is not possible to predict or rule out the coming of radical innovations.
é Une might speculate, however, in what areas radical innovations could have a strong impact on propulsion.
: Exampies for such areas could be:
i (1) Application of new encrgy sources and energy release processes to propulsion including air-roucket
’ ; hybrid systems for high speed propulsion.
(2) New methods of efficiently transferring energy to environmental air (current methods are limited
to turpnomachinery, and waves employed, e.g., in the complex).
2y (3) Radically new methods ot functional integration ot aero-vehicle and aeropropulsion systeri.
N These examples should illustrate that "radical™ innovation must not immediately be equated with

i "antiqgravity'" or violations ot the basic laws of Newton or thermodynamics.
To the other part ot question 2, numely: is the current gas turbine enginc situation similar to that
ot the piston engine of the 1930s? The answer is NU: ]
in the mid 19505, it was shown that the aero-vehicle could tiy at high transonic and supersonic j
!

speeds, while the propeller/piston enygine coulu not exceed about 45U mph, or at best 500 mph. Theretore,
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the new gas turbine propulsion system in the mid 1930s unlocked a new frontier in flight speed. This
situation does not exist today. Today, in any flight specd-altitude regime where an aero-vehicle
conceivably can fly, an aeropropulsion system can operate. Therefore, whenever a major breakthrough in
aeropropulsion should occur, it will not unlock a new flight specd frontier, but could lead to more
efticient, less expensive, lighter propulsion systems, potentially with application for V/STOL.

Let us now discuss some other promising areas for future technology efforts:

Important future technological advancements can be expected from the area of engine airframe
integration. Currently, the major concern is to achieve a full understanding and finally a reduction of
engine installation drag under all major flight conditions. An additional area which promises potentially
great future gains is the area of "functional engine airframe integration." From this area evolutionary as
well as radical inrovations may emerge. The evolutionary efforts may be concerned with the following
topics:

(1) improved methods of preventing flow separation by boundary layer control through employing fan air
without loss in overall propulsive thrust.

(2) Drag reduction and efficiency improvement through propulsion by boundary layer acceleration.

(3) Thrust augmentation; thrust vectoring for V/STOL applications.

(4) Improved methods of engine induced supercirculation.

Another very important future endeavor is total cost reduction. Efforts will be directed toward
improved manufacturing processes, design simplifications, reduction of maintenance time, increase in life
and reliability, and also improved performance such as increased overall efficiency and thrust-to-weight
ratio.

The last and most fascinating frontier may be the evolutionary approach toward supersonic and possibly
hypersonic long-range transportation. lronically, one major obstacle to high speed transportation is that
portion of the journey which takes place on the ground between home and embarking the aircraft and between
debarking and place of destination. In essence, remodeling the total airport system is one of the most
impor tant and challenging tasks for supersonic transportation to become more widely accepted.

Another obstacie, of course, is tho economical probtem of supersonic flight. Fue! is a strong tactor
and engines with variable cycle features will be needed. The solution will not come alone trom the engine.
Work on a better L/D of the airframe will be equally or even more important,

Finally, the environmenta) problems, whatever they may be, must be clarified and solutions must be
found.

In my opinion, it is most likely that supersonic transportation on a much broader scale than currently
with the Concorde will come, but it is difticult to estimate the time., We may have to think in decades
rather than in years.

From the Wright brothers' first aircratt engine in 1903, the evolution of aeropropulsion systems
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k progressed with ever-increasing vigor to the present. Ahead of us still lies probably a greater time span
3
3
until this evolution reaches a plateau.
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