) ’,7 /!- '!,3// 'j ” ////.1,7(),./
. | GOVT. DOC.

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

TECHNICAL NOTE

No. 1381

NUMERICAIL EVALUATION OF MASS-FLOW COEFFICIENT AND ASSOCIATED
PARAMETERS FROM WAKE -SURVEY EQUATIONS
By Norman F. Smith

Langley Memorial Aeronautical Laboratory
Langley Field, Va.

e o e

Washington
August 1947

CONN-STATE-LIBRARY..
BUSH\'E‘;}S, SCIENCE
& TECHNCULOGY DEP’
AUG 13 1947 ; i




ERRATUM

- oA T, Yo, 1361

NUMERICATL EVALUATION OF MASS~FLOW CQEFFICIENT
AND ASSOCIATED PARAMETHERS FRCOM
WAKE~SURVEY EQUATIONS =~
By Normsn F. Smlth
August 1947

Page 4: Equation (3) should read as follows:
1/2 1/27

& @




NATIONAL ALVISORY COMMITTEE FOR AERONA&AUTICS

TECINICAL NOTE NO. 1381

NUMERICAL EVALUATION OF MASS-FLOW COEFFICIENT AND ASSOCIATED
PARAMETERS FROM WAKE-SURVEY EQUATIONS

By Norman F. Smith
SUMMARY

A method is presented for the determination by use of charts of
mass-flow ccefficient and associated flow parameters from pressure-
surveys in internal-flow gystems. For iscenergic flows the point
mass-flow coefficient is shown to be an explicit function of the
free-stream Mach number and of the static-pressure and total-pressure-
loss coefficients at the measurement station. These parameters are
easily determined from the test data; hence, their use provides a
convenient method of evaluation of the point mass-flow ccefficient.
The charts presented cover a wide range of these parameters through
the complete range cf subsonic Mach numbers.

The equations have also been evaluated for flows wherein
mechanical or thermal energy is added, such as flows behind radiators
or propellers. The fundamental principles msy be applied to the
measurement of flow from Jet-propuleion units; however, under these
conditicns the mass of the fuel and the change in the value of the
ratic of specific heats must be considered.

INTROTUCTION

In the determination of the characteristics and flow quantities
in aircraft internal systems, total- and static-pressure surveys have
been used extensively. The precise evaluation of the internal drag,
the mass-flow, and the flow parameters associated with mass flow must
include coﬂ81deration of the variation in air density. Because this
variation in the density complicates the solution of the equations
involved, a large number of steps is required for each point computed.
A method for the numericael evaluation of the wake-survey equations,
by means of which the valués of point drag ccefficient can be easily
obtained from tables or charts, is presented in reference 1. The
items necessary for the determination of point drag coefficient from
these charts are the measured values of static-pressure coefficient,
total -pressure-loss coefficient, and free-stream Mach number.
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The present peper presents a method with charts by means of
which the mass—flow coefficient, inlet-velocity ratio, and mass—flow
rate can be quickly evaluated in a few steps by use of measured values
of static—pressure coefficient, total-pressure—loss coefficient, and
free—stream Mach number. The equations have been evaluated for both
isoenergic flows and flows wherein mechanical or thermal energy is
added. The fundamental principles may be applied to tho measurement
of flow from Jet—propulsion units; however, under these conditionsg
the mass of the fuel and the change in the value of the ratio of
gpecific heats must be considered.

SYMBOLS
s gpeed of sound, feet per second
v :t' veloclity, feet per sscond
M- Mach number (V/a)
0 mass density, slugs per cubic foot
q o d&namic pressufe, pounds per square foot (%QV?)
P static pressure, pounds per square foot
iz static—-pressure coefficient <}ii%2%9
o
H total pressure, pounds per square foot
AH total-pressure loss (Fo - H)
%E tofal—pressuré—loss coefficient
0 ;
A area, squére feet
F frontal area, square feet
V-m mass~flow rate, slugs per second (pAV)
C maés—flow cﬁeff&cienf <j-£1—-
‘ PfVo /)
¢! point mass—flow coefficiénﬁ &%
PoVo
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;l " inlet-velocity ratio
0
¢ static temperature, °F absolute
o stagnation température, °F absolute
AT'  stagnation-temperature rise, °F (T'- T')
i ratio of specific heats; for alr 7 = 1.40
Cp specific heat at constant pPressure; for
alr ¢ = 6010 foot-pounds per slug ©
E éﬁerg& input, foot-pounds per second
E
K energy-input faétor (?me6>
R, compréssibility factor(H ; )
Subscripts:
o free-stream station
3 entrance station
2 station in wake where Py = Pg
K with energy added

Symbol without subscript indicates local value at measurement station,

Basgic relations.-

' THEQRY AND METHODS

Mass~Flow Coefficient

..
PoFVo

HE) @)
HE R @ -

U

l!

The mass~flow coefficient is defined as
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For convenience in discussing the solution of equation A
the integrand is defined as tne p01nt mass flow coefficient c':

@ e

The numerical solution of eguation (1) reduiresan.extensive compu -
tation for direct use. The terms of this equation can be expressed
by the following relations:

P2 = Po ~l (by definition)
Hy = H j
/o 1/2 ‘
& - @ il

l/2 B - p\/ 1/2 Al
() “
and from the general energy equation, as shewn in appendix. B of
reference 2

EE)l/E . (l + 0.20M,%(az/ qu)>1/ ’
[¢]

1+ O.2OMO2 + K (5)
where K 1is the energy-input factor
. B
= (6)
cpnﬂh

Examination of equations (2) to (5) shows that for isoenergic
flows, the point mass-flow coefficlent is an explicit function of
the free-stream Mach number M,, the static-pressure coefficient P,

and the total-pressure-loss coefficient’ AH/qO at the measurement

station. For flows wherein energy is added, the additional term K
in equation (5) must be evaluated.  The preSbure coefficients used
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are merely an expression of the measured data in coefflcient form.
These parameters can be ezsily determined from the test data; hence,
their use provides a convenient method for evaluation of the point
mass-flow coefficient. Although the expression for the point
mags-flow coefficlent in terms of these parameters is complicated,
the coefficicnt can be readilly computed for given values of these
paranmeters.

Iscenergic flows.- Velues of point mass-flow coefficient have
been computed for a wide range of values of P and 2AH/q, for

given values of free-stream Mach numbers =nd are plotted in figure 1.
(See appendix B of refererice 1 for details of computing procedurs.)
The range of total-pressure-loss coefficient has been extended into
the negative region (which indicales an increase in total pressurs)
to permit evaluation under conditions of net low energy input
epproaching isocenergic flow. For condltions under which energy is
added, a correction factor muat be applied to values of point, mess-
flow coefflcient read from figure 1. '

The points corresponding to the attainment of sonic velocity at
the measuring station have been designated By arrows on the curves
for the various values of static-pressure coefficient. At values
of total-pressure-loss goefficient less than those indicated by the
arrows, supergonic flow exists. In order to avoild congestion the
curves have not been extended into the supersonic region. The
equations- presented are applicable to supersonic flow; however, it
should be noted that special methods may be necessary to obtain -
~total- and static-pressure suxrveys in supersonic flow.

The plots of figure 1 are for values of Mach number in increments
of 0,10. Figure 2 presents the variation of point mass-flow
coefficient. with Mach number for varilous values of P and AB/q
and shows that for intermediate values 'of the Mach number, & linear
interpolation can be uged with sufficient accuracy for most purposes.

ws_wherein energy is sdded.- Equation (1) is correct for the
evaluatlon of the mass-flow coefficlent for flows toc which energy
has been added, such as flows through radlators or propellers. The

1/2
4
evaluation of the density ratioc (;;%) (equaticn (5)) under theme
o
conditions includes & term (equation (6)) which is a function of the
, oN/2 q /2
- energy input. The remaining terms (%Ei) and (ga> . {equations (3)

and (4)) are unaffected by energy addition. The expression for the
ratio betwsesen the point mass~flow coefficlent with and without addition
of energy is then . . :
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(22 1/2

C 'K 4 pO K
% F,2)1/2
\Po,
1/2
1+ 0.20M,° /

- (7)
1+ 0.20M," + K

This ratio is thus a function only of the free-stream Mach number Mo

and the energy-input factor K. A plot of this ratio is given for a
range of values of K for various values of My, 1in figure 3. The

value of point mass-flow coefficient for the energy-added condition
can be found by multiplying the value of point mass-flow coefficient

obtained from figure 1 by the appropriate value of the energy=~addition
factor obtained from figure 3.

The energy-input parameter K can be calculated directly for
flow conditions where the energy input is known; the mass flow is
measureable and both are uniform across the survey plane. For flow
conditions where the energy input is not known and where the energy
input and elemental mass flow are not uniform, an evaluation of
the energy parameter can be made experimentally with relative ease.

As 1s shown in reference 1, the energy parameter (equation (6))
can be written ‘

where the prime refers to stagnation conditions. The energy parameter
is, then, the ratio of the stagnation-temperature rise to the absolute

stream-static temperature. Reference 1 discusseés methods for measuring
these items.

Integration technigues.- Evaluation of the total mesa-flow coeffi-
cient requires the integration of the point mass-flow-coefficient
profile. Inasmuch as the evaluation of c' is independent of the
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integration process, chcice of integration technique can be made from
consideration of the wake profile and the manner in which the wake

is surveyed. By use of values of point mass-flow coefficient obtained
from the charts presented herein, the value of total mass-flow coeffi-

cient is
3
C=—fvu : : (8)
Fia

where F is the area upon which the mass-flow coefficient is based
(in this case taken as the frontal area).

Masgs Flow

The masg-flow rate can be obtained simply from the mass-flow
coefficient: : i o nees

m .
m = -IPATV
(Q OFVO) £ VO

CoFVy " (9)

The items Pos F, and V_ are normelly known for given test or
operating conditions.

Inlet-Velocity Ratio
The inlet-velocity ratio Vy/V, can be evaluated from the mass-

m
flow coefficient — =, the free-stream Mach number M,, and the
Pof Vg ;

inlet area A;. From Bernoulli's‘équation,

2 2
i A A P s b N )
i ok A i g e

the continuity equation

the relation‘
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and the ilsentropic relation

pO pO 4
P \P

the following relation is obtained:
\ 2 Sl " S
B . e 2 & V1
{r - 1My Q fr = 1M, " . e

The solution of this equation is presented for fixed values of free-
stream Mach number in figure 4, The ratio A,/A; is the mass~flow

coefficient based on the entrance area A) and is obtained from the
masa-flow coefficient as follows:

AO m
EI ¥ poAl 0
F
sone i 33
cAl (11)

where F and Aj are known areas dependent upon the geometry of
the installation. Using values of Ay/A] thus obtained permits
the corresponding value of inlet-velocity ratio V1/V, to be read
from figure 4 at any velue of M.

It should be noted that equation (10) includes the assumption
of isentropic one-dimensional flow between the two stations involved.
Isentroplc flow can ordinarily be expected between the free stream
and the entrance of an air inlet located at the leading edge of a
body, such as a nose inlet or wing inlet. However, for entrance
conditions where appreciable energy losses exist (due to uncontrolled
boundary layer, for example), equation (10) is not strictly applicable
because the density does not vary according to the isentropic relation.
Also, if under such conditions the velocity distribution at the inlet
becomes nonuniform, the parameter V,;/V, tends to lose its

significance. For this case, measurement of flow conditions at the
entrance may be necessary.

Duct cross-sectional areas at stations other than entrance can
be used in equation (10) (and in the spplication of fig. L) te obtain




NACA TN No. 13081 9

the velocity at such statioms, provided that the flow between the
free stream and the station under consideration is approximately
isentropic. i

NUMERICAL EXAMPLES

Iscenergic flow.- The use of the charts is illustrated herein
by means of examples. The following conditions for the flow through
an.airplane duct are assumed:

=
o
i

= OOTO

i8]
o
1}

0.0020 slug per cubic foot

1 square foot

™
H
1

<4
t

750 feet per second
F =3 square feet
At the measuring station

A = 2.5 square feet

. =015
OH

el = () 32
40 2

From figure 1 the value of point mass-flow coefficient is obtained:

oV

PoVo

c¢' =

= 0.383

If, for the purposes of the example, this value is assumed to represent
the averago value of point mass-flow coefficient in the duct, the
total mass-flow coefficient becomes

€% s o’ -
s
= 0.383 x~ﬁ§:L

1
o
o
|
0
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-~

The massflow m is’

B
i

O.3l9pOFV
0.319 X 0.002 X 750 x 3

l 436 slugs per second

]

The inlet-velocity ratio 1s obtained’ from the mass-flow coeffi-
cient C in two steps: 2

L R 4
Ay  pofV, A3
0.319 x 3

319 I

i

0.957
and from figure 4, for the value of Ao/Al,

b
T, - 0.922

Flow wherein energy has been added.- Assume, in addition to the
conditions in the preceding example, that A

i

AT' = 20° F
Ty = 500° F absolute
Then
K 20

O 00& 4
From figure 3 for this value of K

K

The point masg-flow coefficient is

#

c'g = 0.383 x 6.982

L]

0.376
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The procedure for determining the remaining items 1s the same as
for the isoenergic case calculated previously. Then,

C = 0.313

m = 1.410 slugs per seccnd
22 - 0.939

Ay #

)

= 0.893

Vo

The internal drag can be obtained from charts or tables in
roference 1 by using the same initial values of the parameters.

Langley Memorial Aercnautical Laberatory
Naticnal Advisory Committee for Aeronsutics

Langley Field, Va., May 13, 1547
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Fig. 1h NACA TN No. 1381
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