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SUMMARY

A method is presented that enables convenient determination of
the pressure drop sustained by air flowing at high subsonic speeds in
a constant-area passage under the simultaneous influence of friction
and heat addition. The method is applicable for arbitrary heat-flux
distribution along the flow-passage length. Air-pressure-drop working
charts based on the method developed are presented.

INTRODI'CTION

Many problems arise in aircraft heat-exchanger practice that
involve the transfer of heat at high flux rates to a compressible
fluid flowing at high speeds through constant-area flow passages. For
example, in some recent heat-exchanger designs the temperature differ-
ential between heat-exchanger wall and fluid approached values of the
order of 1200° R and the fluid velocities approached the choke condi-
tion (Mach number of 1).

Methods have been developed for determining the pressure drop
experienced in the passage of air through the radiator tubes of recip-
rocating engines (references 1 and 2). These methods contain simpli-
fying assumptions that, although adequate over the range of conditions
encountered in aircraft radiators, cause appreciable error at the high
airspeeds and heat-input rates considered herein.

In reference 3, the basic differential flow equation describing
the pressure variations of a compressible fluid under the simultaneous
action of friction and heat addition is numerically integrated for the
specific case of air heated at constant passage-wall-temperature con-
ditions. In reference 4, a closed-form solution of the basic differ-
ential flow equation is obtained for the special case of an exponential



2 NACA TN 2186

variation of fluid temperature with distance along the flow passage.
Meny cases arise, however, where the heat input to the fluid is a
complicated function of distance along the flow passage.

In an investigation made at the NACA Lewils laboratory and
reported herein, the basic differential flow equation is formally
integrated by a method based on a simplification that is shown to
introduce little error in the calculation of pressure drop over the
Mach number and heat-input range encountered in high-flux-rate heat
exchangers. The integration results are presented for air (constant
ratio of the specific heats equal to 1.40) in convenient chart form.
The method is applicable for arbitrary heat-flux distribution along
the flow passage and for Mach numbers up to approximately 0.90.

Detailed examples are given that illustrate the methods presented
herein,

ANATYSTS

Equations are derived that form the basis for the construction
of charts describing the compressible air-flow process and hence the
variation in pressure occurring in constant-area passages wherein
gimltaneous friction and heat-transfer effects are present. The
charts are applicable to arbitrary heat-input distribution along the
passage length.

When the heat~flux distribution along the flow passage is not
explicitly given but instead the passage dimensions, wall temperature,
and elr-flow parameters are given, a simple method of determining
the temperature rise of the air as a function of the distence along
the pessage is desirable. From this method, the heat-input distri-
bution for application in the method of pressure-drop determination
described in the preceding peragraph may be obtained. Equations are
derived for the tempersture of the air as a function of distance
along the passage wall for two cases:

(a) Constent heat input along the passage
(b) Constent wall temperature

These equations, which are based on the recent heat-transfer corre-
lation of references 5 and 6, are plotted to give convenient charts

559
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for determining these alr-temperature distributions as a function
of passage length.

Air-Pressure Drop with Arbitrary Heat-Flux
Distribution along Passage Length

The differential momentum equation for the one-dimensional
steady-state motion of a compressible fluid in a constant-area pas-
sage under the simultaneous influence of friction and heat-addition

is
d(mV + pA) + aDp = O (1)

(A1l symbols are defined in appendix A.) In reference 7 it is shown,
from energy and continuity considerations and the perfect gas law,

that the total-momentum parameter mv_+ DA (hereinafter denoted by

m:JgRT
the symbol ) 1is uniquely related to each of the flow parameters

M, p/P, pA/ma/gRT, t/T, and V/AJgRT for any value of ratio of
specific heats 7y corresponding to the total temperature T of
the fluid. EHence, when the total-momentum parameter Mp and the

total temperature T of the fluid are known, all the fluid-flow
conditions (P, P, t, and V) are uniquely specified for a given
mass flow per unit area. For convenience, the relations among the
flow parameters are given in appendix B for the case of 7 equal to

a constant.

The variation of the total-momentum parameter Mp‘ during the

flow process involving friction and heat addition is due to the var-
iations of both the total momentum mV + pA and the total tempera-
ture T. Differentiation of Mp with respect to these two variables

for constant mass flow gives

d(mV A 1 4aT
am, = d(mV_+ pA) -5 Mp % (2)
maA/gRT
The differential drag force due to friction is

_F L y2y £ & (3)
dDF 1 > pV-=A D,




or, more conveniently,
ax

dDF = 2FmV —
De

Combination of equations (1), (2), and (4) gives

e
, _ gRT Fdx 1 4T
My My Dg 2T
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(4)

(5)

The parameter ¢ is here introduced and defined by the equation

N/erT

(6)

The integration of equation (6) to give ® as a unique function of

and 7y is made in appendix C (equation (C3)). A plot of @

against

Mb for air (y = 1.40) is presented and discussed later in the section

PRESSURE-DROP CHARTS.

In terms of ®, equation (5) may be written

rax
D

<l+_e. %:— aT
o

3

VIl

(7)

Integration of equation (7) between any two stations in a flow

passage gives

Msz Fdx
—D—e>de 1 To
<1+21pr W -2 %% T

Moot :

(8)

where subscript 1 denotes flow conditions at an upstream station in a

flow passage and subscript 2, at a downstream station.

The simplification can be made that over short distances of tube

length Ax, ® changes linearly with x, that is,

AX Ax

dx/d®P 1is closely

given by — = ——.- where @, corresponds to Mp,z and @y cor-

Ap Py -y

responds to Mp,l. With this simplification, the integration of equa-

tion (8) may be formally carried out to give

-
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F Ax
D Mb T
s S e R —2
2L o1 logg Myl log, 71 (9)

Plots of Mp,2 from equation (9) have been prepared for air (y = 1.40)
for increment in friction-distance parameter F Ax/De = 0,04 and 0.01
over a wide range of values of Mp ] and To/T1. When the heat input

per pound of air AH/mg in any increment of passage length Ax is

known, the temperature T» may be obtained from air-enthalpy tables

(reference 8); hence the plots of equation (9) permit calculation of

M@}z from the known values of Mp 15 T3, =snd AH/mg. The use of
J

these plots for calculating pressure drop in heat-exchanger passages

and the validity of the assumption dx _ 80X are discussed later in
ae CPZ -CP]_

the sections PRESSURE-DROP CHARTS and Accuracy of Pressure-Drop Charts.

For the special case of adiabatic flow (4T = 0), equations (5)
and (6) give d® = —Fdx/De. A brief analysis of the adiabatic process

with friction is presented in eppendix C.

Air-Tempereture Variation along Flow Passage
for Two Special Modes of Heat Input
The air-temperature variation along the flow passage is here'n
related to the pertinent flow and heat-trensfer parameters for

(2) constant heat flux along the passage and (b) constant passage-
wall temperature.

The differential relation equating the heat transferred from wall
to fluid to the heat absorbed by the fluid is

mgey, 4T = hs(T, - T) dx = dH (10)

The heat-transfer coefficient h in equation (10) is given by

0.8 0.8 0.4
We . o.005 (D150 (1> <M> (11)
ky Hyw Ty ky

This heat-transfer relation was obtained in the experimental investiga-
tions of references 5 and 6, which covered a wide range of air-flow
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and heating conditions, including Reynolds numbers from 10,000 to
500,000 and average wall temperatures up to 3000° R.

In the analysis, the variation of the specific heat of air at
constant pressure with temperature must be known. The empirical
relation used is

ep = xr2/15 (12)

which was found to closely approximate the actual variation of p with
T over the range of temperature from 700° to 3000° R.

From equations (11) and (12) and the continuity relation, the
following relation, of use in the analysis, is obtained:

0.2 2/ /' % \0.6
2B . 0.025 (Au"> (—T—> e (13)
mgcey, mgDg, Lo Cp,w“w

Constant heat flux. - The case of constant heat flux is character-
ized by

dH Hy (14)

dx L

From equations (10) and (14) and the definition of Dg,

Ht Ah Tw
L i mgce i (15)
The total amount of heat added to the fluid in the over-all passzge
length L can be given as
By = mgcp,av(Tex"Ten) (16)
or
H c T
S (1 : T£1> (17)
mglh,exex Cp,ex ex

c
With the use of equation (12), the ratio L may be evaluated as
follows: P,ex

1359
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Tex
KN dT 17/15 17/15
Cp,av e en _ L5 ! > Tex - Ten (18)
°p,ex Cp,exTex - Ten) 17 Telels Tex = Ten
From equations (17) and (18),
o T 17/15
_____I;___ = lé LS L (19)
MECH exTex L7 Tex

Equations (13) and (15) are applicable at any cross section of the flow
passage. When equations (13) and (15) are applied to the flow-passage
exit, p and T are replaced by Cp,ex and Tgy, respectively, and

the subscript w is replaced by the subscript w,ex. Hence, from
equations (13) and (15),

0.2 0.6 2137

Ey Auy ex ky, ex Tex / Ty, ex
L = OO D, T T i
L T ngle p,w,extw, ex W,ex ex

D, "€°p,ex ex

(20)
From equations (19) and (20),
0.2
A“wzex vz
mgD, D,
17/15
15 |, _ (Zen
11/ Tex (21)
i e 0.6 /- 2/3 3 2/3 h ;
0.092 , €X > <Tex> <T en) <¥zex> <Ten _ l>
Cpw,extw, ex en W,ex en ex /|
Equation (21) relates the over-all passage-distance parameter
Ay ex L ; ; :
——J-——— N to the ratio of exit- to entrance-air temperature
e

Tex/Ten and the ratio of passage-exit-wall temperature to entrance-air
temperature Ty ,ex/Ten- For heat addition at constant heat flux, the



8 NACA TN 2186

passage-exit-wall temperature. is the maximum well temperature. A plot
of equation (21) is presented later for a constant value of

cpp/k = 0.66. The total air-temperature rise in the passage AT
corresponding to any given value of Tepn and Tw,ex (maximum Ty

for this mode of heat input) and the over-all passage-distance param-
eter can be obtained from this plot. The total heat input H; cor-

responding to Tepn and AT can be obtained from air-enthalpy tables
(reference 8). Inasmuch as for this case the heat input is uniform
along the passage, the heat added in any distance along the passage

is (x/L)Ht; from this value the air temperature at any cross section
of the flow passage (corresponding to distance x) can be obtained from
the air-enthalpy tables.

Constant passage-wall temperature. - From equations (10) and (13)
and the definition of Dg for Ty =K

/_Aﬁ>o.2 Bk d(%)

De 0.6 2/3
Ky T T
0.092 (Cp,w“w> (T—w> (1 - T_w>

Integration of equation (22) gives

+ rL
Oz
Auw> X
mgD De
. 0
3 1T/T
1/3 1/3 / W
‘B T
2(5—) o 1 -(T—)
= - N3 tan X - =1lo 6.
= g
K, 0 N3 o Pl
0 oez( > Ty 0.20
c
P,

(23)

where, in the substitution of the integration limits, x 1is arbitrarily
taken equal to zero at the passage cross section where T/Tw equals
0.20. This cross section may lie on a hypothetical forward extension

of the given flow passage. The symbol Xq is the distance from this

arbitrary zero point (where T/Tw = 0.20) to the passage entrance, T

.

B6SET



OSEE

NACA TN 2186 9

is the fraction of the actual passage length, and 1 1s the actual pas-
saege length. When r =1, equation (23) gives the value of T/Tw at
the passage exit. A plot of equation (23) is presented later for

cnp/k = 0.66. From this plot of equation (23), the air-temperature
variation, and hence the heest-input variation, along the passage length
can be determined.

PRESSURE-DROP CHARTS

Plots of equation (9) that apply to flow-passage segments for
which the friction-distance parameter F AX/De = 0.04 and 0.0l are
shown in figure 1. The total-momentum parameter at the exit of the
flow-passage segment Mo’g is plotted against the total-momentum

paremeter at the entrance to the flow-passage segment M, 1 for a
range of values of total-temperature ratio T2/T1 across the seg-

ment. In order to determine the variation in total-momentum param-
eter (and hence all other flow parameters) with distance along a
flow passage, the flow passage is divided suitably into segments of
such length that the friction-distance parameter F Ax/De eSO 0l
or 0.04 (or combinations thereof), and the total-momentum-parameter
variation across each segment is obtained from figure 1. The dashed
lines in figure 1 represent the condition where Mp,l = Mp)z and

are drawn to facilitate use of the figure. The deteils of using
figure 1 are illustrated later by means of examples I and IIT.

When the FL/De of the entire flow passage is not a multiple
of 0.01 (and hence not a multiple of 0.04), at least one segment of
the flow passage cannot be characterized by either F Ax/De = 0.04
or 0.01; hence for this one segment figure 1 is not applicable., In
this case, the division of the entire flow passage into segments is
so made that all of the segments except the first upstream one (the
entrence station of which corresponds to the flow-passage entrance)
are characterized by F Ax/Dg = 0.01 or 0.04. The F Ax/D, of the
first upstream segment will snce be less than 0.0l. In this case,
the approximation is made that the heat input in the first two
upstream segments is added only in the second upstream segment and
therefore the flow in the first upstream segment (of F Ax/Dg less
than 0.01) is adiabatic. The second upstream segment and all remain-
ing segments are characterized by F Ax/De = 0.04 or 0.01 and hence
figure 1 is applicable for these segments. The foregoing approxi-
mation as to location of heat addition near the entrance of a flow
passage is justified cn the basis that: (1) At the entrance of heat-
exchanger passages the compressibility effects are relatively
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small, in which case the exact location along the passage of heat- .

addition is not critical; (2) the tube length corresponding to

F Ax/De less than 0.0l will be & small percentage of the over-all {

tube length in practical heat exchangers. The procedure just |

described is illustrated in detail by means of Example III.
|

1559

In figure 2, the parameter @ is plotted against the total-
momentum parameter Mp for air. It is shown in appendix C (equa-

tion (C2)) that for the case of adiabatic flow with friction ‘
P1-P = FDAX. The use of figure 2 in conjunction with equation (C2)

e

for determining the variation in total-momentum parameter along a flow
passage for adiabatic flow with friction (no heat transfer) is illus-
trated by means of Example II.

The relations (for air) of the total-pressure parameter, the
static-pressure parameter, and the Mach number to the total-momentum
parameter are shown in figures 3, 4, and 5, respectively. The vari-
ation of Mp and T 1in a flow passage can therefore be translated .

into the variation of total and static pressure and Mach number in
the flow passage.

ATR-TEMPERATURE-RISE CHARTS \

The relation of the air-temperature rise to the maximum passage-
wall temperature (Ty, ex in this case) and the over-all passage-
distance parameter for constant heat flux along the passage length
is given in figure 6. The ratio of the fluid-exit to fluid-entrance
temperature Tex/Ten is the ordinate, the over-all passage-distance

Apy e%>o'2 T : ;
parameter |——2— — 1is the abscissa, and the ratio of the maxi-
nge e
mum passage-wall temperature to the entrance-air temperature
it /T is the curve parameter.

w,ex/ “en

The ratio of the fluid to wall temperature is related to the
distance parameter in figure 7 for the case of constant passage-wall
temperature, In the construction of figure 7, the distance x was
arbitrarily teken equal to zero when the ratio of air to wall tempera-
ture equals 0.20; hence, the distance parameter in figure 7 must be

0.2 |
A ® +rL
taken as i \ Eg————) where Xg is the distance of the passage .
nge/ De ‘




NACA TN 2186

entrance from s« hypothetical station in the forward extension of the
passage characterized by T/TW = 0.20, L 1is the over-all passage

length, and r 1is the fraction of the passage length at which the
value of T/Tw is to be determined. An illustration of the use of

figure 7 in the solution of a pressure-drop problem is given in
Example IV.
EXAMPLES ILLUSTRATING USE OF PRESSURE-DROP CHARTS
Example I

The use of figure 1 is illustrated for flow with friction and
heat addition when FL/D, 1is an exact multiple of 0.0l.

Given:
(1) FL/D, = 0.270
(2) mg/A = 32.2 (1b/(sec)(sq ft))

(3) Top = 600 (°R)

(4) P., = 3000 (1b/sq ft absolute)

en

(5) The heat-input AH/A variation along the flow passage in
terms of the friction-distance parameter Fx/Dy is

Fx/Dy | AE/A | laH/mg | °T/Ten

0 i e T 1.000
.04 | 1018 31.62 Tz2ias
.08 925 28372 1.415
12 848 26.34 1.594
.16 786 24 .40 1L.757
<20 713 i) 1.904
.24 655 20.35 2.037

-39 157 4.87 2.069
.26 165 5.13 210N
sl 157 4.89 2,133

1The value of AH/mg is obtained
by dividing AH/A by mg/A
(item. 2).
2The value of T/Ten 1is obtained
from the air-enthalpy tables (ref-
erence 8) for the given Ten
(item 3) and enthalpy rise AH/mg.

il
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Determine: The total and static pressures at the passage exit.
The procedure is as follows:

(6) From item (5) the values of F Ax/D, and To/Ty for the
segments indicated in figure 8(a) are

Segment | F Ax/Dg | Tp/Ty

0.04 1.2180
.04 13617
.04 1.1265
.04 1.1023
.04 1.0837
.04 10699
=01 1.0157
<OL 1. 0155
<0l 1.0152

HBm O A0 o

(7) From items (2), (3), and (4),

<____Pfi- = 2.955
mrx/ gRT en

(8) From item (7) and figure 3,

uV+ PA e .
<}—.__-—> = 3.126 = My 1 (for segment a)
en

m,\/gRT
(9) From items (6) and (8) and figure 1(b),

Mp 2 (for segment &) = 2.804

This step is traced out in figure 9 by the line l-a.

Figure 9 is a reproduction of figure 1 and is inserted merely
to aid in the explanation of the method of solution.

(10) Mp,1 (for segment b) = Mp,2 (for segment a).
Again from figure 1(a) and items (6) and (9)

Mp,2 (for segment D) = 2.568

1559
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The operation of obtaining item (10) can be performed as illus-
trated in figure 9. Proceed horizontally from point a to the 45°
dashed line (point 2). The abscissa at point 2 is then Mp,l for

segment b. Proceed vertically downward to the appropriate T2/T1

value for segment b (point b). The ordinate for point b is then
Mp,z for segment b and also Mp,l for segment c.

(11) The operations indicated are repeated in step-by-step fashion
for each of the segments a through i. For segments g, h, and i,
use is made of figure 1(d) applicable for F Ax/Dg = 0.0l. These
operations are traced in figure 9 where for each segment the point with
ordinate and abscissa values that give M, » and M, 3 for the seg-
ment is marked by the letter designation for the segment. (For
example, point d in fig. 9(a) gives My 2 and M, for segment d.)

Although only the value for segment 1 1is needed in this problem, a
tabulation of the values of Mp’z is presented:

Segment Mp 2

2.804
2.568
2.381
2.224
2.087
1962
€. 9513
1.8992
1.8670

HBERHHO 0 OO

(12) For segment i, M, 2 1is M, for the passage exit, as
illustrated in figure 8(a). From figures (3) and (4) for Mp = 1.8670
given in item (11),

\

(mﬁjgﬁi)ex

1.4865

o
A ERT Jex

(13) From item (5), Tey/Ten = 2.133. From items (4), (7), and
(12) therefore,

0.917

i
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P
ex 1.4865
Pae = 3 g5 A2.133 = 0.7349

so that

Pex = (0.7349)(3000) = 2205 (1b/sq ft absolute)

(14) From item (12),

Pex  0.917

Pex 1.4865 RaGabit

so that

Doy = (0.6167)(2205) = 1360 (1b/sq ft absolute)

(15) From item (12) and figure 5, the exit Mach number is
M= 0.86.
Example IT

The use of figure 2 is illustrated for adiabatic flow with
Friction.

Given:
(1) M, = 2.500 at passage entrance (Mp,en)

(2) FL/D, = 0.300

Determine: Mp at passage exit Mp,ex

(3) From item (1) and figure (2), ® at the passage entrance is

Pop = 0.528

(4) Equation (C2) of appendix C relates the change in ® between
two stations in a constant-area flow passage to the friction-distance
parameter between the two stations. Equation (C2) applied to the
given problem can be written

g - L
en ~ Tex 1

1358
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(5) From items (2) and (3),

@ex ) 00528 - 00300 = 0.228

(6) From item (5) and figure (2),

My ex = 2.182

Example ITI

The use of figures 1 and 2 is illustrated for flow with friction
and heat addition where FL/De is not an exact multiple of 0.01.

Given:
(1)  FL/Dy = 0.137
GRS
(3) Ten = 800 (°R)

3425

The heat-input variation along the flow passage is specified and will
be presented later in this example.

Determine: Mp,ex

The quantity FL/De is not an integral multiple of 0.0l. Hence,
as illustrated in the sketch of figure 8(b), the division of the pas-
sage into segments is so made that the one segment having a value of
F Ax/De other than 0.0l or 0.04 is the first upstream segment (seg-
ment a in fig. 8(b)). Segment a has F Ax/Dg = 0.007; segments b,
c, and d have F Ax/Dg = 0.04; and segment e has F Ax/Dg = 0.01.

The assumption is then made that the heat added in segments a
and b 1is added only in segment b; hence the flow in segment a
is assumed to be adiabatic, in which case figure 2 and equation (C2)
are used to obtain Mp,z for segment a, as illustrated in Exam-

ple II. TFor the remaining segments, figure 1 is used, as illustrated
in Example I.
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(4) The actual heat-input variation along the passage and the
heat input modified as described in the preceding paragraph are given
in the following table:

Actual |Modified | ‘Modified
Segment | F Ax/Dg AH/mg AR/mg To /Ty
a 0.007 Jef6 0 1.000
b .04 51 .93 61.69 1L.515
(22 .04 80.41 80.41 1.300
d .04 101.60 |101.60 1.280
e ALokk 5330 2590 1.070

1'I‘he value of TZ/Tl across each section correspond-

ing to the modified heat input is obtained from the
velue of T, (item (3)) and the modified enthalpy

rise per pound of air AH/mg by means of the air-
enthalpy tables of reference 8.

(5) From item (2) (Mp,en = Mp,1 for segment a), equation (C2),
and figure 2 for. F AX/De = 0,007 (this step was illustrated in
Example IT),

Mp,z (for segment a) = 3.245

(6) From item (5) [Mp,z (for segment a) = M, 1 (for seg-
ment b)] and figure 1(b) for To/T; = 1.313 (item (4)),

My 2 (for segment b) = 2.803

(7) For the remaining segments, the procedure is the same as
given in item (6) for segment b (and as illustrated in Example I);
hence only a tabulation of the results is presented as follows:

Segment Mp,z
a 3.245
b 2.803
c 2.425
d 2.100
e 2.017

155
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; (8) The value of Mp ex for the flow passage is then given by
Mp,z for segment e:

: M, ex = 2.017

The procedure for obtaining the remaining flow parameters at the
flow-passage exit from the calculated value of Mp,ex was illustrated

in Example I.

Example IV

The use of recent friction-data correlation to relate Fx/De
and 'I'/Ten for constant passage-wall temperature is illustrated.

Given:

(I e = 0.%520

An.\O.2
(2) ¥ = s 15,0
3 mgDe Dg

Determine: T/To, as a function of Fx/Dg

Pressure-drop measurements were taken in the experimental heat-
transfer investigations of reference 6 and the data reduced to deter-
mine the flow-friction factor F. The conventional correlation of F
against bulk Reynolds number was unsatisfactory. Improved correla-

; Fp PV &De
tion was obtained, however, from a plot of o against ——I;;-.
W

The best correlation line representing the data plotted in this
menner is given by the equation

uw 0.2 pw 0.8
F = 0,046 | —— ——
pVeDe Pav

This friction-factor equation is used in working out this example.

: Py  Tay - 1
(3) By taking —¥ - _2¥ then from the friction-factor equation,

av w

o 0.8 0.2
X _ o o (Tev <_Au_w> x
De i Tw mgDe De
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(4) With reference to figure 7, at the flow-passage entrance
r =0 and T/Tw = 0.32 (item (1)). From figure 7,

0.2
Au“) 20 _ 567
mgDe e LT

hence 3.67 represents the value of the distance parameter from a hypo-
thetical stetion (in the forward extension of the flow passage) at which
T/Tw = the reference value of 0.20 to the entrance of the flow passage.

(5) For the flow-passage exit, r =1 so that from items (2)
and (4)

0.2

( Ay, X + L

4 e vt B 3.67 + 15.0 = 18.67
mgDe \ €

(6) From figure 7 and item (5),

Ay
TEE = 0.777

W

Ton 1
(7) From items (1) and (6) with T__ = en - ex

T
27 = 0.549

Ty

(8) From items (3) and (7),

0.2
Au $
Fx/D, = 0.0285 < "’> ﬁxé-
mgDe

(9) The value of T/T,, and Fx/Dg at a cross section, say,
nine-fifteenths of the distance from entrance to exit of the flow
passage, is obtained as follows:

r = 9/15

Q<2
M) I g0
mgDe De j
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Ap, e Xy + 1L
— = 3.67 + 9.0 = 12.67
nge De

Hence, from figure 7,

Jig
E; = 0.626

rL, from item (8) the corresponding

Inasﬁuch as 5
JREE=NONZ5 T

X =
Fz/Dg = 0.0285 X

(10) In a menner similar to that outlined in item (9), T/Ty

and Fx/D, can be determined at any passage cross 7ection. /The velue
T/T. ALY
W W
t i i =
of T/‘Ten at the cross section is then given by Ten/Tw 5.3%0°

A tabulation is made for various values of r as follows:

0.2

v Buw ¢ An (0N .
mgDe De Ty De Ten

0 0 0.320 | © 1.000
3/15 3 .426 .086 | 1.331
6/15 6 .530 .171 | 1.656
9/15 9 .626 .257 [ 1.956
12/15 12 .708 342 1'2.812
i 15 777 .427 | 2.429

A plot of Fx/D, against T/T,, can be made to obtain T/T,, for

increments F Ax/De of the passage equal to 0.04 or 0.01. The pres-
sure drop in the passage is then obtained in the manner outlined in
Example I or III.

Accuracy of Pressure-Drop Charts

In order to obtain an indication of the validity of the assump-
tion used in obtaining equation (9) from equation (8) and hence of
the accuracy of the pressure-drop charts, calculations were made for
extreme conditions of heating and compressibility effects (1) by use
of the charts and, (2) by numerical integration of the actual differ-
ential equation (equation (8)). The conditions investigated and the
results obtained are tabulated as follows:
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My | Mex |Tex/Ten | Type of heat |[Ap(exact) |Ap(chart)
; distribution | (1b/sq ft) | (1b/sq ft)

0.30 | 0.66 2.04 Constant wall i £ A 1107

temperature
0.25 [ 0.46 200 Sine variation 241 240

with distance
0500 PO 7 2.00 Sine variation L2753 1274

with distance .
0.40 | 0.85 LSH5T Constant wall 1323 13511

temperature

For the first two cases in the preceding table, the charts for
F Ax/De = 0.04 were used to compute the chart pressure drop through-

out the entire Mach number range from Mep to Mex.
and fourth cases, the chart for F Ax/De = 0.04 was used up to Mach

numbers of 0.67 and 0.65, respectively, and the chart for
F Ax/De = 0.01 was used for the remaining flow process. The agreement

between the exact and chart results for any of these cases is within

1 percent.

Lewls Flight Propulsion Laboratory,
Nationel Advisory Committee for Aeronautics,

Cleveland, Ohio, March 30, 1950.

In the third

’
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APPENDIX A

SYMBOLS

The following symbols are used in the calculations and the
figures:

A cross-sectional area of flow passage, sq ft
Cp specific heat of fluid at constant pressure, Btu/(1b)(°R)
Dg equivalent diameter of flow passage, 4A/s, ft
Dp drag force due to friction, 1lb
F friction factor, —=9B
1 4dx
)
g mass conversion factor, 32.2 1b/slug
H heat added to fluid in distance x per unit time,
Btu/sec
Hy heat added to fluid in total passage length L per unit
time, Btu/sec
h heat-transfer coefficient between wall and fluid, Btu/(sec)
(sq £t)(°R)
K constant
k thermal conductivity of fluid, Btu/(sec)(sq ft)(°R)(ft)
L total tube length, ft
M Mach number
n mass flow of fluid, slugs/sec
P total pressure, 1b/sq ft absolute

P static pressure, 1b/sq ft absolute
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R gas constant for fluid (for air, 53.35), ft-1b/(1b)(°R) .
n fraction of length of giveﬁ flow passage, O0<r< 1 i
s wetted perimeter, ft §
P total temperature of fluid, °R
Tw temperature of passage walls, °R
t static temperature of fluid, °r
v fluid velocity in flow passage, ft/sec
X distance along flow passage as measured from passage entrance,
£t
Xq distance from hypothetical station characterized by
T/TW = 0.20 to entrance of given flow passage, ft
o, ratio of specific heats R
Ax length of flow-passage segment, ft .
u viscosity of fluid, 1b/(ft)(sec)
0 mass density of fluid, slugs/cu ft
Subscripts:
av fluid conditions evaluated at average fluid temperature in
flow passage
en entrance of flow passage
ex exit of flow passage
W fluid conditions evaluated at average passage-wall tempera-
ture Ty,
1 entrance station of flow-passage segment
2 exit station of flow-passage segment
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Parameters:

PA

mpn/gRT

mV + PA

mp/gRT

total-momentum parameter

static-pressure parameter
total-pressure parameter

velocity parameter

parameter, defined by 4P = ——di:L
2
A/ gRT

increment in friction-distance parameter

friction-distance parameter

25

over-all friction-distance parameter of given flow

passage

passage-distance parameter

over-all passage-distance parameter of flow passage
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APPENDIX B

RELATIONS AMONG FLOW PARAMETERS

For convenience, the equations relating the parameters V/A/gRT,
t/T, M, pA/ma/gRT, and p/P to the total-momentum parameter My,

are herein derived. The assumption is made that ¥ remains a
constant.

From the continuity equation and the perfect gas law,

T g-% (B1)

which can be written as

) b )

One form of the conservation of energy equation is

2
t y-1 v
T e B3
- 27 <,\/gRT> 0
From equations (B2) and (B3),
3 \ 3 % v %
& <®/§§f> T Mp <\,§§§> + r e 0 (B4)
Thus A/Y__ is obtained as an explicit function of M@
gRT
s e -5 BS
B ey (Bs)

1359
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From equations (B3), (B5), and the isentropic relation,

y-1

[ S—

D R RREL - I At W Y A ¢ gy
(P) i ) Y &7+1MI> <7+1Mp)i/‘/<7+lMp) r+1

(B6)
Because °
\4 1 \4 T
M = = = B7
AyeRt Ay <A/gRT> ; 2
Then from equations (BS) to (B7),
N
M = 7+1 Y +1 7y +1 (88)

\/72-3?_ - (r-1) 711 MP> [<7Z-1 MP) = /\K77+1 MP)E X 72;7]]

The parameter pA/mI\/gRT may be obtained by direct substitution of
equation (B5) into equation (B2). In the application of these equa-
tions to a particular flow, the sign used in front of the radical should
be plus if the flow is supersonic and minus if the flow is subsonic.
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APPENDIX C

METHOD OF INTEGRATION OF EQUATION (6)

A brief analysis of the adiabatic compressible-flow process
involving friction only is herein presented together with the method
of integration of equation (6).

For the adiabatic flow of a compressible fluid with friction
present, dT = O and hence from equations (5) and (6)

ap = -d(%f) (c1)
so that
o= (), (),

The variation of ® with Mp for either adiabatic flow or non-
adiabatic flow may be obtained by substituting equation (BS), with the
subsonic sign prefixing the radical, into equation (6) and integrating.
The results following this procedure are

P =%{M"[MP *'\/Mpz - 2 (7;1ﬂ 7 MP’O@P’O +V%’°z s (731)]

s (12) e, | 22 (5)

ge
Mp,0 + \l;p,o2 -2 (—7—17—1->

where Mp and Mﬁ,o are the upper and lower limits of integration on

(c3)

Mp; ® and 9o are the upper and lower limits of integration on @,
and P, has been taken equal to zero when M, =M, 5.

A large-scale plot of equation (C3) for 7y = 1.40 is presented in
figure 2 for Mp,o = 1.8516 (the value of the momentum parameter at a

Mach number of 1 with 7y = 1.40).
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Range of total-momentum parameter, 3.10 to 4.03.

(d)

Relation between parameter @

and totale-momentum parameter for air (y = 1.40).

Figure 2. - Concluded.
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(a) Range of total-momentum parameter, 1.852 (choke) to 2.418.

Figure 3. - Relation between total-pressure parameter and total-momentum parameter
for air (y = 1.40).
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Figure 4. - Continued. Relation between static-pressure parameter and total-momentum parameter
for air (y = 1.40).
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Figure 5. - Relation between Mach number and total-momentum
parameter for air (y = 1.40).
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Figure 8. - Illustration of method of dividing total flow-passage length into
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Figure 8. - Concluded. Illustration of method of dividing total flow-passage
length into segments for use in pressure-drop charts.
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Figure 9. - Concluded. Illustration of use of figure 1 describing compressible-flow process
in constant-area duct with simultaneous friction and arbitrary heat addition (y = 1.40).
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Charts describing compressible - flow process

NACA-Langley - 9-19-50 -1075



2.50

245

240

2.35

"2.20

2 IR R ERELE 23 &
h 72 5.3 : LYANANANANE A RCEREN | i 5
s W SN hN NENENE N | i
N ) 3 W/ /f ! N - N N N // : jf : = LH
N+ N 58! , 3 // s M/ = A S g : - /
N R £l WAL 2 ES ﬁ
\, N\ ok} NN YU A
NE NG N TN \ | N N ANAS : =
R RN | NON)
: A BeEPNE TN A VAN i i
= ./fr ./r N / /r / \ /%/ ;
: 7 SERENCY A NA WA N r |
i , AL I\ B 3 A ANE NN
i h N ENC DY / - BNRASET ]
” N TN F NN NENEN P i
: g N R WA NN NESCEN EARSE
- L .. RN R PN NN ERES 2=
S ,w/‘ / NN : “.,4- et i
: | LS b NN
| 7 223 SR SN e e TAENANSEEEE
IR = / " i ! i
i Xt =SNE N R NN N
i -4 AR N N NS RN
ﬁ // AUAE NN
: : \ i NS EN N RNAY
= , .,.yw/./ﬁ NENAWAS
: & S5 VA WA mf.
= SENANANNGNE YA Y
e IENANANANAEYS N
R N // SANASLENENA N
. == ﬂ N N VANBNANESLNENE NS
m 3 . NENBNANAH VA WAL 2N
SRME NG NN NN W/ﬂ/m/ NCEN 3
EEEE ENRNENENANENAYASLET N
Ef o 4 A NG RE NE ﬁvﬁl.& VA A 1
ANERNEANEN : CRAVASRELE: N
: ERhEREAT Aﬁﬂl.fm// SOONNOIN N
- w NERENLN ANANANAEY =
g == 1 ELELRCR ARSI S B Y
3 e N ENGENCENCE NN N N NN
i EREE PN PN J/z/ AR ATLE!
: EREES : k Jr/ % SCEREEN TN LR )
He EEEn N B /f /.!_.Iﬂu, .uff 2/! N
SEEEEE M NN BN ENSEERE ERETENE T ING
= i TSN PSR R INEIN
- | N N NS
SEaEs. | | N RR NN SN NN
o EE =t { \, : : N
R i NIEREIN NCENCENCEN TN TN
E SRR { , ;S ‘/ ENE BN TN PN PN
: e : : w. NN EoELE
] = 5k W ] b R N - ENEEENG PN TN
: SRR L RN N ENEENEETNE PN
IS SNE ; : RN NG PN B
; SSEaEs q NEEER
F —E £ EE T 3 EFRE
- mhv l.xm.. I S5 ;o - = ben B »as = 2 = e - s
W«.. ..v m - ..n‘v g= v : L 2 L.W»,.x"“ - :
= = =+ L ¢ oo Etesnt
Ea=s : =+ e e
e = - - = =
= ] 2 = EgEE EE SRRy Rt

245+

6S¢T

240

225

2.30

225

210

2.105 to 2.226.

at station 2,

parameter

0.01; range of total-momentum

Increment in friction-distance parameter (FAx/Dg),

(e)

Charts describing compressible-flow process in a constant—area duct with simultaneous friction and arbitrary heat addition (y =1.40).

l.- Concluded.

NACA-Langley - 9-19-50 -1075

Figure



1359

4.4 !
i ¢ | Ten
i i ; 5.0
4.2 "_‘_,_...——
r ' o T
4
f:f { P et i
4.0 1 : [ :
/w S SIS W 5 s, ’ - 1 ...I s : ”A_.’_b’ 1
g2 = | |
| i - i R | 4.5
=T ot
3. 8 — L
, T 1 5 P IL"
! ! M"’
R = St ‘“JF—' L _}_ 3. Pz%iw 5022 2299 HEN2 1ipei Hhes i .-.;..,., | i £ ™
_ s ammea e
! ; I e ~F ~i-._:__, __.L.._}.,,;_,,L g Ja9at 2ERSE IVT 1 I 1R ' TTL I B ;;‘.‘F,‘,A!"f_f =t ._ ﬁ__..;j_,.. _..._- ;._.'
: ! : assé | \ |
| b RN s ~—a.0
i —
3. 4 ant et sl 01 A
| { _‘___...-—-‘F"'
! ! : —
| //IT, T a"‘*’f—‘——
% 270 alma : / saRaladiiy // #..-ﬁ
3 2 / A "] pro
- / / ___‘..-u'"‘"'—'-
.
va s :
pu o+ cans wenm —7/ = 3.5
‘s 0 / =
// / i it et a 1 —-—__qp—-‘”'—-
/ / i ot i
p. // __-,..&r:""-
_ pamD ——
2.8 , : e Vi [ W
; A AT ,
tex A A R L
Ten | : Bl /Vf AEETRE el SEERERI Eafd E
2 i 6 5 ; ; i / : l’, o1 v: - . i 'r i 5 { } 3'0
_..,i__ (-/’ / // : / ! j‘( $ !
/ / / // //I "
4 / / 7 ! A -
/ / /_f___, 3 28 i ’Z_,_‘___ i 31998 r
2.4 LS 4 e
/ / / e o I i —
/ / // 55 N
4/ -3 e E ]
/ A L A i 5
L SALA L i
//fj/ 4/ / - - ‘ .
o AT L o
/ AR b
(P TaAD Auvid ~ b i
V7808 4V.4P T
// // A i o ~ ol : -
l 8 - "4 > - 2 .o
A aaegatte caats i S
7 f// e B W’/ . : —
/’,J‘ = obsa 235 1= 13851 o2 /;./_uf._/_.m_; 1 S3rSE 223 TR I Ml.m__-L 3T IEETIEEITIIEER £22 o2 spemy e o
_— /. 7 [ el t ; ; . | : | |
. 1 //' l { ! ! ! } : | !
IRmmmr CSMENE sam T *‘ ;
l, / /A ’/ = f
L L e | | ‘
.4 W T | L
/// //1/// L~
* // A/ j'
a : vl |
1.2F
S @ g o2
// ‘ iL | :
T 1 T
A 8 i =t oo e e NACA,
/.0 . | || i ! % 1 ! | z ’ l ! TRy
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

(Al‘-w, ex )°~2 &

Fighre 6. - Variation of ratio of exit fluid temperature to entrance fluid temperature with over-all passage -distance parameter for various ratios of maximum (exit, in this case) wall temperature to entrance fluid
NACA-Langley - 9-19-50 - 1075 temperature. Turbulent flow of air for constant rate of heat-input conditions.



1.88
84

~76
72
68

2 ana - ST - o)
T t - + " _ T —
) . T : T " - T T Y “ T * i ;* +H
8 Tt '
aignn i ! :
. - .
BES RN '
+ H ! <
-
i 3 } - - kEsiiiE3edagel
5
¢ ]
“ B
. - — -
H N ¥ T £ §isx,
T /
e -+t 1T  nmn ! (o)
od / 1 P
arnd : E \ : |
s b #. . .
+H J }
[ |
B 13 L] =t
© // 8 u BEaas: ann: m + ST T H
: ¥ ! N
! -

a

L
1
i
|
|

{
{ r
3 {
FEFEE ¥ £ ! RESSS SRESS Tauey P FEEY FREPT FRUTY e ?T- -10“&] SSiaans s s sEma § R SR sanngaRRSs SR REE S8 AR, LAk a s 204 et T ek s s s Rans innus SEASE I RRaSt A8 EE R eE TRART T o ..A:.._..v., : * rma sk np e wpd ot
] 4 41 5 San 8 ™ 3 I : ' I Y 2 aada. ey ' 3 3 AnsagaEss :hass i 55 EK ARSRE SEh ,
(Ty) w ! ! : ox 1 H 9! i 1 !
o~ < . -
: p—

1=
(

23

] 5 ¥ = . 1 ey : % ; T i it

i

i
’
S-S SR SIS -

'

L~

%
4=
I

1

!

+ T t T T T £ .
14 §+ B R _E
ofit et \
L i3kt ok edss ot s HEAE ©
1158 ik 2ot i N\
| \ i i i i
1
_ : \ 4 : | -
: s 3 T /
.. / {3 H : N
b e - N
t n 2 ! / n
//
}
: - e "
ol } >
ot 2235 ] <
.
= x
r N
B HHH /rr
— M J.MM / - 3
T T .W —b . i
i
e
HiE
Dot SaE
<+ + -
Ena
Hr+ / o
T t N
-4 N
L1y 1 / T T T
3 - ~ R
T !
T T
r
1t T
! T 5 1
lw rw |4 [ ik
S : 3 1 21 &
T 44 63 s
S H H I BEEE gREN : : v o
= H
§5: iaaed tace: 12 it iegitacs: i
' 1 1 T ny e I

.60
.56

3eT

6SET

flow of air and constant passage - wall temperature conditions.

turbulent

for
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