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SUMMARY

The properties of the viscid flow of air in a rectangular slot having
a width large in comperison with its depth are investigated, The results of
various tests are found to verify theoretical and empirical relaticnships
between the pressure dastribution in the slot, the sar mass flow and tempera-
ture, and the slot dimensicns, Both laminar and turbulent flows are con-
sidered.,
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1.0  Introduction

The three forces affecting the flow of air in a slot are the pressure
force, the force due to viscosity, mnd the force required to accelerate or
deccelerate the fluad, If, however, the depth of the slot is very smzll,
the vaiscid foree and the pressure force are very lar;¢, and 1n corparlson
the inertia force 1s small enough to be neglected, This being 80, the
viseid force 1s egquated to the pressurs force and a simple theoretical
equation relating the pressure distribution, the air temperature, the nass
flow and the slot dimensions is obtained for steady laminar flow, To
derive a pimilar equation for turbulent flow the problem is considered in
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ilach umber

Although the zbove aznalysis 18 concerned with the pressure drop alon;, .
narrow rectangular slot the experamental results may also be expressed in termas
of Mach number, M. For this purposs the mcean velocity based on mass flov,

o = > G w0 18 taken as representative and values of 1. calcoulated from the
Cells

expression -
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Over the test length the lach nurder was always low and variations of temperature
ware neglignble. Hence, over this sectron,
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where T, 18 the regcrvolr temperature. Typlcal curves of static pressure, p,
and Mach number, i, over the test length of a parallel sided rectangular slot
(case 1.) are shewn as full lines 1n Fig. 14(a).

In the last inch of slot therc 1s a large dreop in pressurc and deunsity
and hence a rapid acceleration. In tnis length the variaticon of temperaturc
cannot be unsglected. IT adiabatic flow 1s asswed in this part of the slot
the exit wach number, Mg, can be calculated for case 1, frow equations given
by Kestin and Oppenheim.® Thege can be reducced to the exnression:
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vhere subscripts 1 and 2 denote two positions separated by a distance L.

The resistance coefficirent A 1s assumed %o be the same all along the slot;
since the Reynolds Number s constandt, and i1ts value 18 caloculated from
measurements in the test length. The calculation of the exit ach number,
Mg» 1s 1n effect an extrapolation of the curves of ljach number in the test
length with the assumption of adiabatic cxpansion in the last inch. Such
axtrapolation is, of course, necessary since the pressure Just inside ths
slot ex1t 1= not always atrospheric. Vhen the siot 13 choked it may be much
higher as 1n case (b) in Fig. 14(a). Case (a) is unchoked.

When M, is plotted against the nass flow, Fag. 14(b), 1% attains a
constant value, not necessarily equal to unity, indicating thot choking
conditicnsg wers reached, with the four loarger clearances. The fact that
Mg does not become unity moy be due to 1t boing based on the mean velocity
whereas the exit veloecity profile was preobably not unifior and choxing
nrcbably cceourred when the waxanum velocity reachoed the local sonaic value.

If this 1s true then the apparent Mach number, ii,, corresponding to choking
the exit 1s effectively a profile factor. The reduction of the chokaing value
ol ¥y, with decreasing clearance ssers 40 i1ndicate the truth of this assumption.

# Je Kestin, A.K. Oppenhein - The Calculation of Compressible Flund Flow by
the Use of a Generalised Entropy Chart (Equations 17 and 65a). - Inst. of
Mech. Eag., Proc. 1948, Vol. 159, War Zmcrgency Issue Ho. 43.



terms of the resistance coefficient, A, and the Reynold's number, Re.

The relationghip between h and Re for the flow of an inconpressible
fluad in pipes and alots has been a subjeot of research for many years, but
little information 1s available concerning the flow of a compresasible flund
subject to large changss in pressure and therefore to larse changes in density,
Experiments have therefore been performed in slots of various shapes on the
flow of air subject to such changes, and the results, when expressed in terms
of the parameters A and Re, are compared with the results of experiments with
incompressible fluids carried out by 2lasius (Ref, 1).

2.0 The Bquations of Viscid Flow

The theory of the steady laminar flow of a compressible viscad fluad an
a slot the cross seoction of which :s congtant, or changing very slowly, may be
dsveloped from first principles, the method being an extension of that used in
hydrodynamic theory with a function of termperature and pressure replacing the
density term. For turbulent flow use 1s made of the concept of the resistance
coeffacient, h, where

7»:——*-2T
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t© being the "skin friction" per unit of surface area in contact with the fluad,
T the spatial mean velocity, and p the density of the fluad, The relationship
between b and the Reynolds number, Ry, bazed on the hydraulic mean depth for
turbulent flow 1s given empirically by Blasius (Ref, 1) as

0,07
Re

and this value can be used to develop an equation corrcgponding to that ob-
tained theoretically for lamznar flow,

7\.T =

[
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The assumpticns made in the derivation of the equatisns of flow are the
same in both cases, The force required to accelerate or deccelerate the
fluid 1s assumed to be negligible: the pressure distribution over any cross
section 18 assumed to be uniform, and the temperature of the air as 1t flows
along the slot is assumed {to he constant,

2.1 The Theoretical Equation for Laminar Flow

Congider an elementary volume of the fluid, as shown in Fig.%a, saituated
at a puint in the slct,

The inertia term being nsglscted, the resulting forces actaing con the
element in the direction of the x-zxas, which iz the darection of flow, are:-

The viscid force = 95 . 5y . 6% . bz and
4y
The Pressure f')rce = . QE “ 6}[ . 6:,?- . 62, W’here 3 1s the Shearlng
3X

stress in the fluid, p 1s the absolute pressurc, p 1s the density, and u is
the veloecity in the x direction.

By equating these forces we cbtain the relationship

9P - g8
dx ay
which, since s = v , % and 88 = p, &2, may be written ag
oy ay ay2
L o= o, QE% ...... vee (1)
ox 3y

for the flow of a compressible fluad in a slot havang two closely adja~
cent walls 1t 18 assumed that



S8 = 2R = o
dy J%
For the narrow slot, therefore, equation (4) becomes
2

dp = |, 24 (2)
dx ng

Integrating this with respect to y we obtain

u = 1 . dp . y2 + 0y + Co
2p dx

The depth of the #lot 1s h, where h is a function of x, and, #ince u = O
when y = 0 or y = h, we have

o :u-}’l--@ﬁ,andcz:‘-o
2u  dx
2
Hence R < (3)
211 dx

and this 15 a parabolic form of velocity profile,

The mean velocity at any cross section 18

h
ﬁ‘;—.l./udy
h
<0

h
2
_ 1,93./31_—_32.@
h dx 2L
O
2
&, B e eieeanes ol L)
dx 42 u

If the width of the slct be denoted by o, where o 15 a function of x,
the mass flow along the glot 13 then given by

G:g.ﬂ.h.'ﬂf
_ >o.a ., hj dp
- 121 dx
Prom which we have
ap - - 12 ., 1. G
dx Do, ns
end, substituting in this equation the value > = £ , we obtain
RT
dp _ _i2p  RT .G
ax P.O. h3

42 4, RT , &, dx
- 5 e Ceerrean (5)

or » . dp
o

If T, ¢, and h are known functions of x, this equation cen be integrated and
the theoretical pressure distribution so obtazned.

2.2 The Bmpirical Equation using the -ezistance Coefizcient

Fig. 1o shows an elementar; volume o) the fluad letween the two plates,

1ts lenpth in the x darecitzon veing i1nfinitesimall; small anc 1ts wadth in



the z direction being unity, When cons:derang the forces acting on this ele-
ment the assumptions made are that:-

1) The kainetic energy changes involved are negligible,

2) P = = a,
oy e} 4

The force, F, resisting the motion of the fluid may be considered as
due to the friction acting at the surface of contact between the fluid and the
walls, If the "skin friction" per unmit area of "wetted surface" be dencted
by T, then

iy T . (AE) . cos B+ T ., (CD) ., cos o

t

1., F 2 7., &x.

The pressure force acting in the darection of motion 1s given by

P

1

P.h+{p+1dp . &) I(AB) sin 8 + (CD) sin ¢
dx

1
2

-{p+ %ﬁ C8x)(h + 8B sx)

ax

=p.h+(p+13R, 5x) {Qﬁ . 5x} -{p+ dp §x)(h + oh 5x)
2 dx Jax dx 9%

which reduces to

P = -h, 3 . 5x

Equating these two forces F znd P we have

2 t,% =-h,3R, 6
dx
or _(3_‘2:___2_:_17_
dx h
2
Now T/gpu 18 the resastance coefficient, N, and hence
2
dp ~_ . Ao f o u (6)
xdx h ----- LR R B A A ] L)

The coefficient, A, 1s dependent on the Reynolds number, Ke, apertainaing,
For laminar flow the value of My which gives an equation identical with (5) in
section 2,1 18

For turbulent flow ap is given empirically by Blaesius as
Ap = 007

i
Re&

Substitutang A; in equation (&), we have

2
& . 2, 2.® . -2 G
d.
* e h Ke o, 02 . h3
where Re = 20 .T .0 _ 26
U a . u



Hence

gle
. l:J

or p ., dp __12p  RT .G, dx
o . b

which 1s the same as equation (5).

To obtain the corresponding equation for turbulent flow we substitute
1n equation (6) the value of Am.

2
d _ - 009 | 2.m _ _00B . __6&
ax Re“ZT h Rejﬁ g . al . ho
- . 0,07 oF |, uf g2
(2% o p .. 1
7
LA
. 0,067 u=, G
e
hd . ah Lo
.
; I
or p.dp =-Q067 W .RT.GF ax e (7)
L
a b h3

2.3 Solutions for Three Particular Cases

m

The general equatzons, (5) and (7), can be integrated if o, h, and T
are known as functzonsg of x. For the three types of slot 1llustrated in
Fig. @ the aintegrations have been performed on the assumption that the
tenperature, T, 15 constant along the slot,

Case 1, o and h constant

The integration of equation (5) gives in this case the following
result for steady laminar flow,

p2 = constant -(%h L Rg 2 G . f) ............ (3)
a . h
2 2 RT , G - -
or Py = P22 = L kg =) ()

g . h3

On antegrating equation (7), we obtain for turbulent flow

)
z
constant -[2:133 47 L RT , G+ [ x) .., . .(10)

2
p =
i
ol . hJ
1
or P12 - 922 = Q;ﬂjﬁijﬁ;dvﬁi - G LVER O X1) erac e 006(11)
7
T 3
a . n

Case 2. h constant and B = o x

If the frictional effect of the two side walls 1s negleoted, the flow
in this case 13 anelogous to the radial flow between two uniformly spaced
circular flat plates and by symmetry the pressure at any radius 1s constant,

-5 -



Provided, therefore, that the davergence 1s smaell the pressure in any plane
perpendicular to the axis 1s approximately constant and equations (5) and (7)

may be applied, By substatuting in these equations ¢ = s ve obtain for
laminar flow

P .dp = -124 ,RT .G . dx
x

which when integrated becomes

p2 constent -(2x 4 . BT . G . loge x craiieans .(12)
& . b

I

Orp12-p22 =21,Lu,RT.G.loge£% .
(}(.h3 %1

and, for turbulent flow, 7
1
_0.067 u , RT , G*

1
o b . B

&

P.dp =

F =

M

which when integrated becomes 7

.,1_ ..
p? constant + | C.178 u* . BT , i 1

2
G('E: o xk

]

e (10)

or P-1 - Pz = - = --(15)

Case 3, Constant Width and Increasing Depth *

A3 the deviation of the two plane surfaces is very small, the components
of velocaty perpendicular to the axis of the slot must also be very small, and
the pressure distribution over any cross section 1s,therefore, assumed to be
uniform,

For laminar flow, by substituting h = g . x 1n equation (5), we obtain
12 4, RT |, & dx

p.dp = - =
c*.]?;3 xJ

and when integrated this beceomea

p? = constent +(12 4 . RT . G , 1 ,
3 2 ------ R oloo|0\16)
A a L] ﬁ x
or p1 -p2 - -_2 oo--o-|-‘i-¢-D--lo--|-(17)
@, g T %
By the same substitution in equation (7) we have, for turbulent flow, .
: k
o dp,___.0.0é?j‘.RT.G.d_JE
L 3 3
ab B
which when integrated gives ’ 7
1
Z I
P = comstant + |Q0LET.RE.GF.1 4 iveen (18)
1 5 x2
C)-F . ﬁ



1 .
0,067 uw* , RT , G° |1 1
or 912 - P22 = 7 t %-— —2} ..
2

z $2 x
b B3

)

3,0  The Apparctus snd the Diuthod of Testing

The opparatus, as shown in Fig. 3, consisted essentially of two flat
steel plates separated by thin strips of steel arranged so_as to form a
passage of the required shape, The two plates were made %" thick to prevent
any apprecioble bending, and, after the upper one had boen case herdencd,
the surfaces forming the horigontal walls of the slot were carefully ground
and tested against an optical "flat". The maxarun deviation fron the plane,
as estimated by counting the interference fringes, was about 50 . 10-6 1nches,
Between the two plates the slot .as bounded on each s1de by strips of steel,
which 1n the case of the slots of constant depth were of single thickness
but which for slots of varying depth were overlapped in the form of steps,
“hen the block was asgembled and firmly clamped together a scaling compound
was applied cxtern=1ly to 21l the joints.

During the tests corpresacd nar at a recorded temperature, T, passed
through a ~etcraing scction and into the sharp edged rectangular reservoir in
the upper plate, From there 1t flowed along the rectangular passage between
the two plates to atmosphere, the static pressure being recorded at intervals
of 1" alorg the nxia, A line of 7 prussure tappings across the slot at
right angles to the nxis wes used a8 a check upon the setting of the bloek,
since any inclination of the tvo surfaceg in o plane perpendicular to the
ax1s would result 1n an sssyrmetrical pregsure distribution over these 7
points, The pressure distribution at thas cross section was found to be
uniforn as assumsd 1n the thecory,

The procedure for each test was the same ond consisted of two parts,
The first was the rcecording of the ~xial pressure distribution for various
values of the reservoir pressure, pp, and the analysis of thess results, It
was invaricbly found that the pre-sure distraibution over the central 3"
length of slot comformed to the corresponding theoretical form and thot thas
length could be cogsidored as a suriable test length, The second part of
the procedure involved an investigation of the relationship between the air
mass flow, G, in the slot and the pressures pq and po, where py denotes the

pressure at the upstrsan end and po the pressure at the downstrean end of
the test length,

4,0 The Analysis of the Test Reaults

The aim of the teats was to check the validity of the formmlae developed
1n sections 2,1 and 2,2, and, vhere possible, to detsrmine the relationship
betwesn the resistance coesfficient, h, and the Reynold's number, Re, Sinee
the cquations involve both the wadth, a, and the depth, h, as variables, 1t
was necessary s an overall check to use three types of slot, one with a
constant cross section, one with a varying width, and one with a varying
depth, TEquations (8) to (19) apply to the three types of slot used and
are conparcd in the following pages with the test results obtalned,

4,1 Casge 1, Constant Cross Section

Tests were nede with six slots havang 2 wadth, o, of 1,75" and a depth,
h, of approximately 0,0020", ©,0020%, 0,00L0", 0,0050", 0.0058", and 0,0093".

Fig, b shows the axaal pressurc distributions as recorded for two of
the zlots, the distrabutions obtained with the other four slots being of
the same foorm, TWhen the square of the absolute pressure, p2, is plotted
against the axial dastance, x, a series of straight lines are obtained over
the central 3" length of the slot, the form of the theoretical rclationship
botween p and x being thus verafied,

2 N
The slope of cach of these straight 11nes,(91 - pp° , iz a measure

Xo = X4
of the resistance to flow and is plotted logarzthmically against the corres-
pondang mass flow, G, in Fig, 5. Here, the six curves represent the results

-7 -



for the six slots investigated and, since outside the transition zone each
set of results can be represcnted by two straight lines, the relaticonship
betwcen the pressure drop and the masg flow ts clearly of the form

o 5
P42 - p
L P
X2 —-Xq

The constant in this equation 1s different for laminar and for turbulent flow
as 1s also the index n, which for larinar flow 15 1,0 and for turbulent
approximately 1,75, The non-linear part of the curve represents the transi-
tion from laminar to turbulent flow,

The experimental results arc alsc shown as points an Pig, 6, together
with the theorectical curves cbtained by substituting in equations (9) and (11)
the slot dinensions and the air temperaturs, The difference betwsen the
corresponding calculated and reasursd valucs of P12 - P22) as a percentage

X2 -X.i
of the measurcd value, is with one exception less then 5% for laminar flow and
less then 10 for turbulent flow, The larger overall discrepancy in the case

where h = 0,0030" 1s probably due to a small error in the measurcment of h.

To conplete the picturce a graph 18 given in Faig, 7 of the resistance
coefficient, A, against the Reynold's number, Re, wherc A and Re are calculated
according to the equations derived in Appondax II, For laminar flow the
points lie on the thsoretical curve, & T, = 2k , but for turbulent flow the

0.0 Re
-_L_ﬁi , as steved by Blasius gaves vzluses of the
Ke«

resistance coefficient luwor than those calculated from the test results.
The experlmental poeints for turbulent flow lie close to the two curves,

ﬁl and hp = S0 4n. firat fatting the results for h = 0.0093" and
Rew
the sacond the results for h = 0,0058" and h = 0,0040", Except for the case
where h = 0,0050", the results indicate that the smaller the value of h the
closer lic the points to the empirical curve, hp = 0.079 |

Re”

erpirical expression, Ag =

The transation fron laminar to turbulent flow takes place over a range
of Re which i1s slightly different for sach slot. These ranges are given in
Appendix ITI, the average values of Re at the beginning and at the end of
transition being 2,120 and 3,810,

4,2 Case 2, Constant Depth and Inereasing «adth

Two slots were us<d, each having = constant depth, h, and an increasing
width given by ¢ = ¢< . x, The depth in each case was 0,00%6", and the values
of ¢ were 0,1 and 0,2,

The axial pressure distributions are shown in Fig, 8, The analysis
reveals that these are of the form

p2 = A-3, log, x for larnnar flow
and
p2 = C+D ., 13 for turbulent flow,
o
A, B, C, and D are constants, and x 1s the axial distance from the imaginary
point of intersection of the two side walls, In this case the analysis 1s

nat 50 accurate as for case 1 and, although a straight line 1s obtained by
plutting pe against x=0.75, this fipgure cannct be taken as exact since a sini-
lor straight line mey be obtalned by plotting p2 against xB, where n ranges
fron 0.70 to 0,80, The slight scatter due to errors in the readings of p is
sufficicent to mask the small deviations from the linear obtained with the varia-
t1on of n over this range,

In the first 2" of slot length there was an appreciable divergence from

-8 -



the theorctical Porn of prussure distribution =nd a central 3" length was
ther.fore chosen cs the tust length, A series of readaags of py, pp 2nd G
vere taken for cach slut, whers pq and pp were respectively the pressures at
the upstrean and at the downstroonm end of the tzst length,  The values of

(p12 - p22) are plotted logaratheacelly against the corresponding values of
G in Frg, 9 ond the results are scen to lie -n two anclined streight lincs,
thus indicating the relationship .

72 - pp? = Constant , G

The indecx n 18 1,0 for larinor flow, but for turbulent flow 1t daffers in the
two slots, being 1,85 when ¢ = 0,1 and 1,60 whenex = 0,2, Also shown in
Fig. 7 arc the corrceponding theoretical curves cbtained from equations (13)
and (15), The theoretical curves for larminar filow are identical with the
test results,

The Reynolds nunber, Re, teing a function of the wadth, ¢, varies along
the slot for any given value of G and 1%t 15 not possikle, thersfore, to ex-
press the results as a zraph of A against Re. For the sane reason, the
change from laminar to turbulent flow doss not take place at the sane value
of & in both slots, but 1s determined insteod by the conditions at the entry
where the Reynolds number i1s highest. The valucs of Re at the entry corres=-
ponding to the beginning of the transition are 2,760 and 3,020 for ¢ = C.i
and e«¢ = 0,2 respectively. The critical value for a parallel slot of the
same depth 1s estinated from the values in Appendix III as 2,400,

L.3% Case 3, Constant %odth and Increasing Depth

Two slots of constant width equal to 1.8%“ wvere used, sach having a
depth gaven by h = B , x,where £ was 0,5 . 1077 1n one test and 0,67 . 10-3
in the sthoer, ;

f1g, 10 shows the pressure distributions, which when =nalysed over the
centrel length are found to be of the form

P2 o= Baer ., L
)

for Loth lamner and turbulent flow, where E ond F are constants and x 15

the ax2al dastance frum the 1maginary line of interscction of the t-o planes,
As an the other cases, there i1s a considerable davergence from the theorstical
relationship 1n the first 3% of the slot and a contral 3" length was agan
chosen os the test section, Readings of py, Py, and G werc taken and these

are plutted logarathmeally in fagz. 11 as (912 - p22) against G. As 1n the

previous cases the rolationship between the pressure drop ond the mass flow
15 of the forn

p12 - pzz = Conatant . GO
The index n 1s 1,0 for laminar flow and 1.75 for turbulent flow,

The theorctical and empirical curves obtained from egquations (17) and
(19) arc also shown an Fig., 11, The discrepancy between the test results
and the thecretrical curves for laminar flow 1s unexpected, since all previcus
laminar results have been 1n close agreement with the theory. For this
rezson an error in the calculation of g was suspected and 1t 15 shown in
Appendix IV thot a difference of 10% in the theoretical value of (py2 ~ p,2)

may be due to a difference in g of less than 4%,  The discrepency may,
therefore, be due to an error in the measurement of h of only Q0O0C2", an
error which 1s quite poseible waith the gtepped shims uged in this case. The
laminar results were accordingly assuned to be correct and new values of B
calculated,

Using ths corrected valuss of f, Mp and Re were c2lculated from the
equations in Appendix III and are plotted in Fag, 12, The turbulent results

lze on two curves, Ap = 0,063 and Ay o= 0.067 , for B = 0,64 x 10-3 and
1 1
Re” Re+

_9...



s
£ =048 x 1073 respectively. It appsora thot the constant (KT , Re%)} noy

be dependent upon the slot divergence and so 1t 1s plotted ageinst £ in
1g, 13, Since the nean depth of the two slots usedyin this case waz less
than 0,006" (see section 4.1,), the value of (hp . Re%) corresponding to

£ =C (Case 1,) w23 taken os 0,081, Pig, 13 shows that the three points
lie approxinotely on a astraight line, thus indigating a possible relation-
ship between Ap, Re, and { of the furm

_ 0,61 - 28 B
RT = T
Ra?

However, further tests will be negessary to verify this hypothesis,
5.0 Conclusicns

The cormparison of the test rosults with the corresponding theoretical
and empirical relationships shows that these relationships hold approximately
for the flow of air in any noarrow slot, provided that the davergence 1s small
and that the length considered does not lie within about 2" of the slot entry
or the slot exit. VWith these provisiong the forces due to the changes in
kinetic energy are negligible, so that the cssumption made in developing the
theory 1z valad.

The results alsgo indicate that the ftheoretical equations may be used
to give an nceurate quantitative dcscription of larmanar flow, The only
gericus diserepancy between the theory and the test results was in the case
of the slots with increasing depth and here the srror was assumed to be an
the measurement of the divergsnee,

For turbulent flow the erpirical rulathnShlsb baged on the value of
the rosistance coefficient gavan oy Blasins, hp = 077 » are not 1n general

rte4
applicable. The investigatzon shows that for slots of cunstant cross
scction the actusl value of Ap 1s larger, being 2.987 for the slot of depth
1
0,081 Ro

h = G,0093" and =~t—— for h = C,0058", For slots of incrcasang depth the
.:L i

product (Ap . Re®) appears tu be a constant, the value of which depends upon

the rate of davesrgence, £, =f the walls,
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APFENDIX T

List of Symbols Used

absolute pressure
density
absolute temperature

coefficient of absclute viscosgity

coefficient of kinematic viscosity

width of slot

depth of =slct

length of test section
nass flow

volume of flow

nean veloclty =

surface friction

resigtance coefficient

i

EZ

1

2 .. h.

1

Reynolds rumber =
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APPENDIX IT

The Caleulation sf A =nd ke

The guloulation of the Reynolds nunber, Re, fror the test results iz
based on the formula

Re = ________l;.m.ﬂ'

v
where m = the mean hydraulic depth,
T = the rean velocity,
and v = the kinematic vizcosaty.

For a slot of reetangular cross section where h, the depth, is negligi-
ble compared with o, the width,

o = Area - 8.b _ h
Perimeter 2o 2
and Re = 22D &
v

Also the mass flow, G, is gven by

G = p,d.a0.h
and v = L / 0
Therefore Re = 2 P h .0
i
That is Re = 26 o
a . u

A B gy b o b ek o o e

Fron considerstzion of an e¢lementary volume of alr between the two plates
equation {6) 1s derived ir -sotion 2,2, This gives

B hL
ax b
which, since G = p.d.a,h, becomes
2
f}.p :—-?\"G d_'x
s Lal .hj

p . dp = -

Agsuming that A can be expresscd as a function of Re, which is independ-
ent of % when o is constant, and that the temperature, T, i1s constant this
equation can be i1ntegrated to give

2h . BT, G2 v Lxo = xq)

P12 - py? =
cZ . hd

- 13 -



and hence

for case 3, in which the depth of the slot 18 increasing, we can obtain
a corresponding equation for M by substituting h = [x in equation (21) and
by integrating.

This is p , dp

3
a2 53 X
5 5 _ AR, G2 4 1
and P1é = Pyt = St (S, - )
a2 B} *4 X0
P12 - pp? o2, @
Hence A o= .
(_1__ ) ) B . g2 e vereeaenesal23)
52 X2

-1y -



APPENDIX 111

Transiticon Valucs of Rg

The range of mass flow over which transition from laminar to turbulent
flow takes place 18 glightly dxifferent for sach slot,

The following table gives the approxirmate transition range of mass
flow for each test, together with the corresponding range of Rg calculated

freom the relation

a . W

P hchas Range of ¢ 1/ek, seo, | Remao of Re
0.0030 (22,9 = ) .10 1,189 . 1070 2,640 - %
0.,0040 (20,0 - 28,8) , 107% 1.198 , 1572 2,290 - 3,290
0.0050 (16.6 - 37.2) , 107% 4,201 ., 1075 1,890 - 4,250
0.0058 (17.38 - 36.3) . 107% 1.198 , 1072 1,990 - 4,150
0.0093 (15.9 = 31.6) , 107% 1,225 . 405 | 14,780 - 3,540

The rean values of Re for the beginning and the end of transition are
2,120 and 3,810 rzapectively.

*With the available air supply it was not possible to obtain turbulent flow
1n the slot having a depth of 0,0030" and the higher limits of transition
cannot, therefore, be given 1n this case.

-15 =



APYENDIX 1V

The Effect of Errcrs in the neasurement of g

Fig., 13b shows o section through a slot of increasing depth, showing
h' 2nd h" the clearances which define the divergence, B. The depth, h, was
agsumed to be equal to the thickness of the stesl shim at the point considered
as measured by a ricrometer.

When p2 18 plotted against L a atraight line 18 obtained and the values
= X2 g

of x are therefore assumed to be correct, The point O is then fixed, the
errors which ococur being in the caleculation of the angle COA,

The theoretical and empirical eguations for szlots of this kind are

P12 - P22 = 12H. BT .G -1 U for 1amnar flow,
a . Ej x12 x22
f £
and p12 - p22 = 0.067 1~ BRI . G 12 - 12 for turbulent
L 3 * *2 flow,
ale B

An error in the measurement of h gives a false value of g which, since
it occurs in the equations at £3, gives a very large error in the theoretical

value of (p42 - py2).

Consider the case where the measured values of h are

n' = 2.0, 1077 B = 6.0", 10~
Then 8 I L A L N I RCE:
x" - x! ¢

Suppose that the actual values of h are

h! = 1.933", 1073 " = 5.8, 1073
Then ﬁx(the real value) = £%~:JE: = 3'267 . 107 = 0,645 , 1070
X - !
Hence { £.000 1
(}3_)3 & 114
g*

The resulting error in (p12 - pzz) 18, therefore, 119 and is dus to
a maximum error, &h", of only 0.0002",

- 16 =



VISCID FLOW THEORY.
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FIG. 2.

THE TYPES OF SLOT CONSIDERED.
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FIG.3.

THE TEST BLOCK.
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PRESSURE DISTRIBUTION IN THE SLOT.
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FIG.S5.

EFFECT OF PRESSURE DROP ON MASS FLOW.
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—Pz‘)__ P N LB/IN? AND X N INCHES
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RESISTANCE COEFFICIENT — A

FIG. 7

SCALE EFFECT IN CASE |
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FIG.8.

PRESSURE DISTRIBUTION IN THE SLOT.
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EFFECT OF PRESSURE DROP ON MASS FLOW

CASE 2 : CONSTANT DEPTH, & = 3GxI0,a=a-X

/
7
/
%
%
/L1 4
/ /)
/ / y ';tlgaLLENT
“
LAMINAR /
FLOW P
+/ A
%
yia
/

THEORETICAL RELATIONSHIPS

/// SHOWN AS BROKEN LINES.
24

T4 46 2.8 30 32

LOGie G - G IN LB./SEC.

38

w
6

o
N

ol
n

o
0

Logie (PE—-P2) —P N LB/INZ ABS.

n
oo

(A~




PRESSURE DISTRIBUTION

IN

FIG 1O
THE SLOT

STATIC PRESSURE IN t.E:/IN2 QAUGE

STATIC PRESSURE IN L&/INF GAUGE

e
s
W/

(CASE 3: CONSTANT WIDTH, a = 183, A = px)

20

&80

NS

70

30

€0

@)

20

80

e
@0
50
40
30

20

(b)

) \\

LENGTH, £

N

.,

- )

4
a

=

r7

[

0 "

¢ 3
DISTANCE FROM RESERVOIR — INCHES
INCREASING DEPTH - A = 0.5x 03

4 49

TEST LENGTH, £= 3

&

A\

=

N

NG

-
[~

—

[—

o

DISTANCE FROM RESERVOIR -

2l

w:

g 49’
INCHES

INCREASING DEPTH - P =0.67"x 103



FIG 11.

EFFECT OF PRESSURE DROP ON MASS FLOW.
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FIG I3

THE EFFECT OF SLOT DIVERGENCE.
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FIGI14.
MACH NUMBER VARIATION.
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