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Buoyancy-driven flows

Consider conservation of mass, whereby the mass flow entering the single zone through
the lower window equals that leaving through the upper window:

lnf forw nu.'ﬂou
mh' (f m d
:m-‘ m

i Ioow Alolnf fow pmAP wiflony
, AP

Ai.. lTnf low Azz APmafﬂmv
7 T,

ol 2]

2

A 2
ilﬁ [(Rm.‘ pom gzl ) ( in l’om gzl )] = 2 ]:(Pm pm gZ 2 ) ( et puw gZ 2 )]

extet "

(Al
[(4)6)]

With the pressure difference calculated, we can now determine the volumetric flow in
through the lower window:

(Pnu.' - Pm ) = (pom B p:‘n )gZE

35
2
|nf fonw (‘ o A [ [(I‘:m.' - Pm )_ ()Omu - p}'n )gzl ]

if

F 3 LA
[AJ (&]z_m
1T = wa A? Trm: Zy zZ,

=, 4,22 8z,

Tm | Al 2 Y;u 22
_t L +1
A2 T‘rm!

B — =05

[ 1
T, 4N(T
S B S B |
| AE Trm.r |

If z is set to zero and, for simplicity z; is defined as z,
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, AT

gZ
Tm Al ’ T;ﬂ
kel [ [t B
AE Tmn

Note that if z equals zero, there is no buoyancy-driven flow, as expected. If Ty = Tiy,
there is also no flow, again as expected.

V.

inf fow

=C,4

The above equation is exact. Introducing our first approximation, let

i z]

il

Note that the temperature difference must be retained. Then

= Cd‘A

inf fow

|
s

A2A2 .5 AT 035 Aj’ 05
=C 12 25z =C A, |2gz—
d‘:AE + A;i| [ (g ?—;n ] ! Ljf|: g Tin }

The effective area is somctimes defined with a factor of two, as follows:

03
o[ 24t 4
A"-’ff = A2 +A2
1 2

in which case Aen’= Ay = Ay = A if the two windows are equal in area and

0.3
. ! AT
Vinf [ Cd A{;ﬂ [gz —]

T

in

This equation takes a slightly different form when the height is defined in terms of a
neutral plane, where the mdoor and outdoor pressures are equal:

Vinfiow = Ca Ai [ 2g Ahnpi. (TI - T(})’;Ti ]G-S
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where Cy4 = discharge coefficient
Ahypr, = height from midpoint of lower opening to NPL {m)

Ca=0.40+0.0045 [T, - T,
otherwise.

if there is bidirectional flow in a single opening and 0.65

However, this form is somewhat difficult to use because the location of the neutral plane
must be determined. Comparing expressions above we find that

- 6.5

05
AT
V. ~C,4 z_gz'_'—l‘“” :CdAi[zT—gAhNPL:,

inf fow
T, 2
él— +1
A2

n

If there are two windows and they are of equal area, neutral pressure is half-way between
the two windows, as intuitively expected. If the lower window is much larger, the
neutral-pressure point shifts toward the lower window. If the upper window is larger, the
neutral-pressure point shifts upward. The neutral-pressure height is more difficult to
determine with multiple openings.



4.411 Building Technology Laboratory

indoor, large upper openings

height , )
indoor, large lower openings
outdoor
pressure
Example

Determine the volumetric inflow for the following case:

Tia =30°C
Tout =20°C
Z =3Im
Ay =2m’
Solution:
I arl” 10 1% m’
Vieiow =Ca4, z7— ~0.6-2-]98-3. =12 —
it forw o “teff |:g - :| l: 303] ¢

Note that absolute temperature is required, because the ideal gas law was used to replace
densities with temperatures.

Wind-driven flows

We start with the same expression of conservation of mass as for buoyancy-driven flows.
For wind-driven flows, we could choose to let Tin equal Tout, which implies that pin
equals pout. Flows are driven by wind and not temperature differences. However, if
there are heat sources inside the building, Tin will be higher than Tout and we will
therefore retain distinct indoor and outdoor temperatures and densities.
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2AP,
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If the inflow and outflow windows are at different heights, the wind speed associated with
these openings may vary, according to

— Yal o
S

where vg = gradient or free-stream velocity
8 = gradient or boundary layer height
o = height exponent

With the pressure difference calculated, we can now determine the volumetric flow in
through the windward window:

2

- - LR

. 2
1— E’f’""_( V2 J
C.lv,
=Cy 4 Cm vi«l ;ﬂ u
Al ?:-"
R L S
AE Tmu

=C, 4V,

<

0.3
Vin“mr = C"d‘AI [Ll:(‘pmd - ID.rH )+ l Cplpmuvi'i ]i|

where C, represents the effectiveness of the opening area
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This expression is exact, within the framework of the model. To simplify, we will equate

the indoor and outdoor temperatures and the heights of the windward and leeward
openings, such that the wind velocities are equal. In this case

- - 0.5
_Cn
C
Vitiow = Ca4) Cﬁlvil —‘“‘_QL
Al
— | +1
-.,( Az } .
=C,d, v
where
L 247 47 0.
& A+ A2
0.5
¢, =c,|nCn
r o 2

Finally, if the leeward wind-pressure coefficient is equal in magnitude to the windward
coefficient and opposite in sign,

C, = CdCﬁ's
C, equals 0.5 to 0.6 for perpendicular winds and 0.25 - 0.35 for diagonal winds.

Combined flows

Again, let’s start with conservation of mass, this time inciuding both buoyancy and wind
terms in the indoor and outdoor pressures.

Note
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Note that we have two terms on the right side of the equation: a buoyancy-driven term

followed by a wind-driven term. Both are exactly as we calculated earlier.
words, pressure differences, NOT flows, add.

N

PN

23

(Jpnm - P:'n ) = ()Onm - )Om )gZE

In other

The inflow can be computed as

_PZ["_ZJ 1
. AT 1 C sl Cam
Vitiow = CaA)| 2 T g(z - Zi) 2 _(“m ! : 2
in Al T Ai T.r'n
=+ S LA
A2 T:m.‘ i AE Y:m.! J

The first term under the radical is what we had before for buoyancy-driven flow and the
second is as before for wind-driven flow.

If we again set the temperature ratio to one
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0.5
2AT L, C v Y
Vinf!nw = Cd A(,” T gh +C Pl vy 1- C_ﬂ[ 2 ]

Ay

b il

0.5

Using an alternative formulation for the wind-driven term we have

1)
. 2AT G 2
Vitow = Caduy |:[— gh+ C;ﬂ Vi — (’p2v2 :|
The windows must be at different heights for the buoyancy force to work. If, however,
the height differential is such that the wind velocities are essentially the same, and if the
leeward wind-pressure coefficient is equal in magnitude and opposite and sign to the
windward coefficient,

a5 0.5
Vinf.’ow = Cd Ac_—,‘,‘ |:2§—T h + 2("}Jv2] = Cd Aq{{ |:£ gh + vaz]

e

in "

Complex building geometries
The expressions developed above are adequate for single-zone buildings with no internal
obstructions and simple arrangements of windows. IFor more complex configurations,

such computer programs as CONTAM are very useful. CONTAM, freeware from NIST,
accounts for forced and natural ventilation, with multiple zones and multiple openings.

Infiltration

Infiltration is from the combined effect of buoyancy and wind. It can be estimated as an
air-change rate on the basis of experience or calculated from leakage areas and the orifice
equation, using the crack method:

Q=ACAp"
where A = effective leakage area of cracks (m?)
C = flow coefficient

Ap = pressure difference between outside and inside

Infiltration in houses from Sherman-Grimsrud model
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The Sherman-Grismrud modcl, presented in Chapter 26 of the 2001 ASHRAE Handbook
of Fundamentals, 1s a version of the crack method that is often used for residential
buildings:

Q=L (C; AT +C,, V3"

where Q = infiltration rate (L/s}
L = effective leakage area (cm®)
C, = stack coefficient (L2 s?em™ K'l)
AT = average indoor-outdoor temperature difference (K)
C,, = wind coefficient (L2 stem™ K m'z)
V = average wind speed measured at local weather station (m/s})

The stack coefficient depends solely on house height, in stories, and the wind coefficient
is a function of height and the extent to which the building is sheltered.

Example

Estimate the infiltration at design conditions for a two-story house in Boston. The house
has an effective leakage area of 500 cm?, a volume of 340 m?, and is surrounded by a
thick hedge (shielding class 3).

Solution:

Under winter design conditions: T, =-13 °C, V=8 m/s, T; = 22 °C.

From Tables 7 and 9 from Chapter 26 of the 2001 ASHRAE Handbook of
Fundamentals, C, = 3.000290 and C,, = 0.000231.

Q=L (CsAT +C, V)™

= 500 (0.000290 x (22 - (-13)) + 0.00231 x 84)**
=79 L/s =284 m’/h

Alr change rate = 284 / 340 = 0.84 ACH.

Air exchange method for houses:

extremely low 0.1 ACH (air change rate per hour)

low - 0.5 ACH
normal - 1 ACH
high - 2 ACH

extremely high 3 ACH
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Combined Energy and Ventilation Analysis

Consider what is usually of more interest than airflow: indoor temperature. What
happened when we open the windows, with a given indoor heat load? Nature adjusts:

e Indoor pressure to conserve mass
» I[ndoor temperature to conserve energy.

Let’s look at the two conservation laws:

Q = pnm (“p Vinf Tow (T:-n - T;m.' )+ Z Ui A: (Y;H - Tom‘ )

0.3
AT
Vinl‘hm' = CJAL{H |:T— gh + Af)nj|

i

Substituting for Viunew in the first equation yields a cubic equation in AT.

. .5
Q = pnm‘("pcheﬂ [% gh + AP“] + ZU‘A; (T;'n - Tfm-' )

i

Solve for the temperature difference, then substitute and solve for the flow.
Alternatively, solve the following equation for the flow and then substitute to obtain the
temperature difference.

05
h
= C‘d Aﬂ{f - Q g_ + APN’
. )Omri(’pVinf!nw + ZUJ'A:' T;u

inf fow

Either way, recognize that cubic cquations have three solutions, more than one of which
may be physically realizable. One such case concerns a wind that opposes the flow
direction established by buoyancy-driven flows. One solution has a rclatively high indoor
temperature and a net flow out of the top window. Another has a lower temperature,
smaller buoyancy force, and flow out the lower window. The time history of the flows
determines which solution is present under given conditions. An interesting discussion is
found in Li et al., Building and Environment 36{2001):851-58.

One way of leooking at multiple solutions is shown below. This figure graphs the

conservation-of-mass relations for various wind speeds and the conservation of energy
relations. Intersection points indicate that both conservation laws are satisfied.

10
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Volumetric flows

delT, oC

I1

25



Fluw in l’un) cjlr-(ci‘zd)(/_\ ffwm&[a SIASZ wmc!mq) o c:lazx“

-vﬁ“" | Fa Wl"’\“'éav
; m{f Pr‘Wﬂl’ﬂ-
- [Neutral level rt;_{t %I Im;
o %’ w‘afg ”2 "

h
(>

ey
v
- ¥

]
Qutdoor at p, §Indoor at

v: o~ Cy Z;f’\ \/2% Jéfl [iiﬁl
iz-£. | ats

(VAN ]sz. fmcaﬂw M&MMLL&' m/s} at a Vm'flaj
Am!mwe_ Z, poa hot {@,fﬂmma hean dicclon and

Mﬁaiwﬁ /ﬁ? fRe <mj"3‘”"‘é5
&P A HZ. Luente, in aid JPMI% Lcatwtm mc!*o’omq &M:I_

18 el b, b b ke 1 e
JOCIMA:J\% 'ﬁ? fﬁ ““-"M’*a ar Séedm a,.;J. Mczlazn e o{amfg
%01 fﬁc.. mﬁwﬂc& Shrean.




i,\_ A f’ﬁ N‘&El&j go&a at L—u(KZ 'f'l@a N RO resdzecc
WMM ﬂNl M no @ap) L OVA {ﬁ ()P“\M%

/Tkto J?%ua,!l()h o ;Pcu._wg glm f]prﬁ;_éam:gm 07.152:{;

146&&\‘267\/
. z AP
U' C:C:l- /o

o pet el e ol G
fﬂ‘ béﬁ@’«cl/ar

AP P‘:w\;pm /52 n%du

Bot: Pp- pat X
Per Pr- peg @
o Pocd P e muwuned oA Z2 0. (e can esel
Hox FJ/@’LZM PQM 4@%@1@& we'd lie. C\)’[%M/(. P“g
e nachll lone, 2- K07 By dlnkin, AP-0 Hiewe.
lf%mmauﬁm&z_, we unk compute M% Heen
el So...

Pod = B padq (F

P.\-. Pr - /ij ('Z-fn\

2z



\?)u}, prm‘t: -'Ru at Z- ﬁ, “—{54—1\9"‘-36% 7’{;‘1‘
PP end

&P;’ ”(/J%{;~/3,h>6}’(2- ’fi\ M»@aw, Z*‘ﬁ
© (pet ) g (2 F0) ontfls, 27 o

- lbf'% lzﬁfnl
L&jﬁ& 7 Becawne AP & PC"JI"}‘KX_ ‘A L&KCM e !)&]
Mo“e, 'I'?J'D, i pam:mkx ‘f’ﬁ-{- ‘fﬁA CADE ANNCLIREN

.L\)/K;Jk m:mma? On}ua & ?‘CK\_! f(wc cm,_rl vty be
Pm;iw(, ’g?- HL'%L) cuﬁL M&a!w( ’ﬁz ou%a‘) (W Fxm%

C-Eaiww, W can 5”;;':;1:3 Iﬁ,"LOJULL 'hg QOJUL
- (z-£)
| z- % |



-] -

A:(ch Capwfalum ‘»57 mJF/maQ GL’DW

VLV Vi
"VTZJ'_\/__'LZ:—\/;Z
AZAR _ AIAG . AIBE
Vi Wadts Yot

217/



-2- 2/17/b¢

AP o AT dd;/’V_g? “ATR AR LALE - O

AEPy. AP ~ AIT + AR+ A Coy Pl 2O
=

Ca/}-eu{ Lerrm In ‘f{z P eAluUres .

~ (AT AF)Py - AT R - - AfoAwa,ﬁg,

o2 1l antasy’
_AF P . A7 Ca)lf?%z‘
&

) N . -ATE
( "' ) P + Pc. Azz A;.

B - (VR A RA G e

S Az Az 2

Appmjm% :simmtlns ‘%th%k 7%— Jwﬂ aqm!wm }

boen By and B, ad R ood B

af [awpsii = (R
A [(PB‘P")" (PC-PQ] =

A [(B R - szf__”i]



- 2/’7/,5%

u P‘:’)‘Pé - ﬁB
A
E'?o = Pc.

: Az ~ A R Az z

~ (,‘f K}B Pan ¢+ £, ° ;\E COJJ/Q%-J{

A A'z, e _ Az 2
>, - ( lffL>Fc, = Coa PV
2 Z.

T

2 equalwm i~ 2 wnlenotern
S'MPL% 1;3 ,@,LLH*B Vo, : Vw, = Ua,( m,«eLm act. at ~ same &3&3}

’f A.?,";O f'gm_ %D%M,@xm guwmxie !,'
Thon, ﬂmzf@ﬂbw}u% , s ow 5‘"‘{-7{6%5616%&5\172”(. P

S‘wﬂff/‘ﬁ /ﬁ/tfgk b‘ﬁ EJJWB A Az Az 'TI"*-—J

7 % Cooe PV

- + - 1| Vel

2 Pg s
A f}) "
PG - Z [c- Cdlfj—{“}






TR PN PO (T I (P
~\/:= A‘CJUNE\[C—@

'\/:, 2 CA U:d Z-g—gj
3

"

i

Thes w
(Reaajl, w . abseace :ff]a,n H\,l-’/ll\a_p dly)!mu]w‘ Leod ke
smilan. armumphons. E:Caf@wéw



-9 207/ 80

"SPB"%)a = 46“?/3—';_}“”2’

% - 5P¢ 4C6‘)‘
O
R vl (20 Coi + AC,)
- 5t
- {D\B ___E;i(fo Ceony * ZCMZ}
ad—-

Vi [ ch/vu?g)]
( (C’ijg - (f.ﬂw(b&d choz_\Bl

Ld [Co s 1Ceu | Co

——

- /
Ve tseran)
A,

!
z

[ Cusv ™ C‘*\Jt J_ Cese ]

CAU'{C}A wC ]VL

’ Cd U'w\[gc.o v . |
T}UA “ \F\’{ loen {’z”“ ‘3‘/}7% or Q-LCPAJ'C&AI'OZ ﬁ:ojumlwr-—'



Consonnnl {mm I -4 2(22 fee

<L E%:Jc‘bo_a.«\c\ Sﬁuxcib(/% , pp 287- 271

D pu v 2pv = O
'c)x-/o ay/o

anO Sounce ot *5*:\11 in fﬁ cm"rapwpumm_



2/22/00

Lmﬂcb(' MDWLW’*—’
/)&VAX + ‘a‘Y (P“VAK) A)/
é__..——.-
F»eacjwrx %cx_
¥ : 2 2Ay ) AX
piey = A
k.
s
fu\/ AX

Nel. ‘ﬂw% ey IINMMWA"'&M cer o3 ﬁzj‘“ﬁ‘@ LY

53'% (/’“2) x sy

Net o of  linear smemerteen acropy DX b

(—;9)-\/ (puw> A A?/

Flee .L]V momaulumx_ &cluals /Fﬂce/ﬁ aclm%cm, 17@ m}m?\mpm
(rwzmag; a@m, accjz,«ajum_\



6%1. AY AN

-4 ~ 9/22/@0

2}'7/ AAX 1 aay ( 2\""‘?’ /AK) A)/

—_—

r__________,_,___
Txx AY -%.f-x (6} Ay)a;(
\
<—'-————.—-—-
.
C%y TAN

Sw};ca forcen eu/maml“hi_ wﬁm (x z.a»«fmmk mfﬁ)

Np"["' ‘g\“ca Tat f’& X c:lzre_olc,d)«)

D O
X

Recall T2 ma -

-4 5%/) DX AY

i CALA (a@” __,) sxay- 2 (pud) ey

~ 9
'3-"7/ OJUW‘> A X é./



o M-Jim%aaf%w,
J Il ¢ DV .
ji ‘{/’(%ﬁ %ﬁ,)*ij ésamzwmkm %?hwmaz

dt dx Qy

—

Tle shenes can be welaled ?ioﬁamm,p,ani e derabuves
ol s il

Oxx ° —P”‘/“ 2%'%(%133)))
~ du 4
oy c v 3y 3%)

Thene R%ﬁdh the Sékm,}%wmﬁg;a Hod sheenn (E«d@Lﬁi He.

i vac q%fawﬂ% &u,&> ) Lo zwkmui?beff
ik of g f b el



/_/—\_/\"ﬁ/gw R
/0 L’-é._“: A ‘B-P 1 7L , U
AL5TTRTT 6 3 (axz 3_\;"}
Wy wd¥ a4V B-—‘f> b, Vi 4 2
/)(314 > Y Y /t(éxi*éyz

-”:LOL are. ‘hz— N&U’g"' S_;l_q_gg eciua,ju)m 'PJZ A
W\MNM*L@ /Ww,c(




-9 22}/0‘0

Consider  conservalean Kfmwmw[um i Mo X direckoc
'f?n s‘l(m:l‘& ’Waw (/_3%‘ : 0)

o

W Q& a4 Uk . -~ 4P r 2 £M2+B:a)
3% N P X O ov*

w’fe&o AR
S

\f He «f/aa ta One drmemsiomal and mwScfcz)

A BU- = "’_.I_ é_.P

é‘; P 3 X
S A 2P
3 s

‘_/D‘___LLZ P P = mizzﬂ,-" oTNne an Uf&fﬂoo//lv'_g E?).
2

Nozo, ‘{'a}zg a é«/& Sl&() ctncl TM.!M fﬁ mmva,}wx e%ucw[w?\_
Jm(mg.mlam

Defie X% X W s« P*. I



10 - 2 /25 /s

Theae wr dw e uRour L P 2 (9}**&«’)

éxi “}7* c))(“ %{f}-mf x> 2 Qywz

Al feinn ae dimensioaless , cstock mecrn Hon 2
o also Jlmsit}nlav;, Vel l_wf

Panck lwz, “ OUf mow r‘maﬂd M M{‘L’Frﬁﬂé J'Ffﬁ_
Al sie Fone A

—

\/ﬂ%t_wf \MM NANE vf{z%_,.,r/{ CRelp

.qulbwc'/u wsena @it ’ﬁn Bﬂf{,do ymocLQ’ 2 Apene.

T, M_LC,Z % Raino’cls numbéfi, wT ULSi"a{‘ orc
Vil wedl Lefouodl = Vifl fise Lol Kevere
Lol modl
ufﬁuc, n W oue ww Sa»é (:.e',) [0}, 20: :)

Note we we He lincar o imeasion 0“?’75 bv:/e!m% ab e
Ve asonable l@rg’f’ﬁml{, o Lp:,(.

Lal 's e 'ﬁ 1042@‘5}"4""“- air ﬂw&c] an twn wﬁpc.nlj 5.:;.2_



-l 2/29 /00

ol Vil Znfs (e £ Bigig)
n - 20

m} b p cecrve. th&mle‘ﬂ 5!0’«1/}1!&4&;
Vidomede A0 wfs, o0 bk 30 mpl |

TM pfto{;vg*« Pzagxm mufj?w“t]*ltmﬂc( am‘/&

Ir l/ref.méuq g fme]er, W <o sWr"—ch} ACHAM ,
‘,J U pwoLcjwl m!ﬁ- imccuna,& s QLS? Ta}o eaemts |

l. Rgga“ ff\e oy gcz, eqwculwfb
VoA /'ZZ?P

ch o ~ conhant fi bl Wos bt o« Vop fr

e T, 65k dolnslin W b Fixs i ?
Re | fn flow 7‘@&&8?@ condims, we e concles
(i):c“fm e sa,QaS éﬂ&f

R(’_ £ ‘ m/s P .,OL{ e . 7. '7)\ !03

1.5 % IOHS mz/s
At e lam W/JZMLJ&‘} Flows E\OUACJCM‘LX
2, “\e: Stngjwturaédf 1{\& CL ¢ JJ_ aJL a a)l!tQLSLJ (or le»m-\



“{ - 2 /25 for
A Tet
See AwLu / \/&I\l‘l Lz-izdh 0{60#}4!&%}

1. M Df!tdq:j’lm’\_

. S"\Mpm o onc]z/rslzucLMS afa:rﬁow H’lmtsﬁwmelm/
w:,’ﬂ Ve 4&0@44 lltd“ Uﬂ%u?ﬂga:rﬁm c[f-S}ﬂl)u}wn.

tn oo

. Over vl dodance | in from aw:mbw, does @ 3&1 relacn
:‘]3 AQJMZK C)\Macjr;(’ v

wa nuLOL Ao% :4 S{a'feaJ onk >
o ahed bt enbrainmedt 7 i Here 15 croas- venhlaka,

IS rl' enlramm‘l- or Jafu;fm H\a-‘f EXLLa/rLffA air a,,,c{
rEmoved Ju.a:f O

i :begmjnm anc\ Sh-u_oépre_

——
e e

- baﬁml'm: no 50(:4 ‘:\wncld,ng,;
SLJ-I'LC- presmnt &-H\m &{\l eciuais H‘d{‘ b‘FS'UWf\JMé,S

. fnlyﬂﬂ is a. 5}@5.,( ]a&ex cmmo\cl A% J?ovho]an,y ah ¢ WQ—

O‘F ‘]'f\e, Jlscm\l’lnmlﬂsin uc'acil‘zi

. ﬂ\l H\m{l“’f Cﬁ\ He wﬂjffﬁf- shear | INCreaneA mjff auuap
e okl the cenbc| peqom of e geb, called
pokonhad core, is consomed l e



- 2/23/e0

¢ bawn&:lﬂew 61? the cote, H\e ﬂm Luamu mere.-
‘l’b(f()ctl&t\“' a/m[ #\e ce«:krlma Ueloul»&cleamm

i Dg,j—al 'e,cl lt_)__o}z'_c)[' SL’quu-fe_

e

\

Uo

Ly
E \

1
Jet centreli_ne

Virtual
origin .

-

/

1.0

/

ISES
ecay
®
Unel
o X2

s
(g
(& ]
Q
© g :
o Le o
o) BX =
(& el ) L4h) _‘_lx
B 2y = =
2218 E 8 £ ¢
=2 | & E O
s £ (G\E w0 :§|:§ S5
(=) - > @
02102 « -9
- - _— .

3



-3 - 2/2?/0&
i, PD‘L/;!JICQCO‘I'Z

. MmmS JF\FJ guic}, wi)ﬂ€ Sorruvnc;im% *ﬁwcl 1g mﬂl ‘107’4{)18;‘6_

. Lel’\SH" cjepam:Ls o ‘l’lﬁpz 6?%‘"‘3 &!’ic} J‘UrL&Jef\d cfi?a:r'
SL"PPL:) Jgul’ ﬁSua”& eg(%u_—l»\ I-10 eqaw‘alenl' O}:&/\Mi c:lzkzme;eg

’ an‘}almg Va!tmh Om @qMOJS U-O,‘H\ﬁ 5“@)& U‘?IOC-’J"’\.

2. C}\(er(,l'érts}fcﬁ c:!zc;aﬁ {_eaio')t_

e —

« Aﬂ&’ mump‘lww H\a PG‘F%JL@} wie LS ‘H;a 7[;’%& _’a'chz,r
I“ES“JI H\a ceniesiine Uelo&g cgjraclaa”& c!&a‘em

on L
Ue %
¢ The lonh over cobch this onchonl forme holds and

the value .Dfn ‘Iaf”"“l on The. S%G’Pc 47{2 5“1”"1‘3 Q#NMX
TLS rergon i< &ssoc;wJ&A‘ wHE d}m:ngﬁ w:fg Lwif‘ aspcczal
‘r’a}m (/Q/ﬂ) @ml 18 heghaxuc Er( Sqiare arc:melﬂr
Tprords .
3. A‘K]Sﬂ'mmelr"(; %_%m

il 'ierul@n.{* Hm.q q%&rau Giscous Sheac
a} S}kgul&{ o\r H\e s}\zaw ‘az.&z,(— ‘2‘3

0.33<pn < |



A4 2/23 /o0

’ F_Jf' 3-D 1613, Hus s the " E‘”ﬁ i&ue’gpd ”9&3
Peaton ) wLere. the 5rm?ac1 04\6}6 s a comv[aml , Hhe

vavlue a{uffléﬁ JﬂPMGLS On {g qzmﬁn& affg b})@\mcs_

. Tlu.o W ﬂ\e pre«:lon\mm‘i" Tﬂ:ym gr d&& ogm Im@‘;&}
!‘alwo (/]WNI\%A bul 15 instgm'(i\m}' 61’ AISK-M#JFAIO OPZAJ)\%/\
- The (eqilon. mc"m«:l/s b « 100 eqmemL Q!ccme,\(as

L.)..".‘. A

1
Ao X

4 . T-:’er}ML\ M

‘ Réﬁltﬂ\ O‘F !"a-f?:c:f Jlﬁswn, —ﬁla dgl' Lm%
thislm&UlsLaLL_ (:rDM ‘}L& S'Urravnolfng air

Um o
Lo %
N) Summ% 3_1[ main refg_giw
/P‘a«ne. &cr]‘ (2- —D\ A xtSLirnme,o[n'Q 1{'{ (3-})3
Pb‘{'.e/ﬂ}'w(_l COf e POJ’JJ'I-GJ cote.

cf'tafai}@ﬁﬁé'b ‘L’Qﬂfx A stsmw;"nh. c‘ecm&



-S- 2/29/@

T Prraples for analysis
A, Momenkom acom e gob 15 cnshst
My M, XA/MZCIA
Mo~ 5 WS A

B ?mmz af? U acivwvs H\)-t 3(11 )\m H?L same «:,la,fz aal
clngm’l' a/ﬁlaj o,:slzm va {{& SAprJts opmnos

C. 'ﬂw slmlnc- pressute actogs Hfr. 44 is cmlzx{ d/t‘cl equ/
l"b ‘}{L Svm?vnclmg Pl

App’bmg Fhese ammp’blm and a gu,JaLL_. Jvr&]z«xcemw
i’l’ 13 Pfrysll)@ )U qwmlte ﬂukam tor :

- Ve'boz!?g prbmm Craclm,‘}
decan of the centerdine velocb

. Ha& en L’cun m—i—



Ct rcu‘af ALLE

e —y,

p Vehehy poble

1.0
X
L B: = 27.
X Experiments
= =35
° 4 [ 2
X
A o &0 ‘
Y 0.5+ Goertler (2]
U
= - == Tolimien {3}
0 10 2.0 _
r

r, = O.dx (hrerala k)

A ——

3, Cenjf@r]ma U([OCI}’IA J"ﬁ
Um Ky

mar—

We (%4,

2/29/20



-7- 2/29/0

K, - theazy cons dant-

c;lo : €F£?a)1vt:, Jlm&lﬂ a{) op;,\ma%

Z Toﬂm:er)

- Ra‘larmlnm \% H\
- 7Y é&:r”ef* wﬂ/&

Emparlca] Ce lal:anSJnP

Um . 0.4%

——rn.

o (a%/clo) t 0. 148

w o F ooy by

0.8
08
0.5
y. 04

m

U, 03f

L LR L)

0.2

o axl

L i L 1 L 1 [ Nl L1
2 3 456 810 20 30 40 60 80100
x/dg

A
01



- 2~ 2hhsfer
C_ '%pfeﬂu:{ !e.
The ‘iprecu:l %Ie % H\e am@!e 51[ H;f m{d mun{&m

A ! Zeto /J i5 / L4
T;F‘l H‘ + e{ ‘J 17 l].{ L{\CLL& o J SC()J{ I c e CWUA? -

ol 25-27° amva'amjr Mfzi
29 c:b!mclrxaql

8;5 Swirl CIJKL_:M

b ) F‘oz.) anl'ramm&f{"

—e

[wl for the VD‘.LMIT‘.C.. ﬂoza QHJTamccj

Fnprrical
k&ﬂ. élrwjd(,rdfl'
% . 032 ( i

LOLP/({-

Q : VDLM!T‘!C. ﬁof-d cﬂl X
Qo = suprky oo ae



9. 2/29/50
Cubeamment veoerhy  ( remsvecse. flas abgeh bounden )

V(_", i Cc: Um.

where

Ce *oen L“amn%'l' wﬂﬁim‘l‘
0. 024 P a Cil‘r.ajé,rJal

Longhh of o tegon
Influesced by Re and brbeknce sk 4 sl

9 T T T T T — 1 1 T T T | A
B e Becher 4
| 7]
X Nottage
7F .x#.__.___x____.-x
./“
6t /l
/x'
N
% °f “
d, 4l | _
X Transition Re = 3 x 10*
3r .
2t 1
1 -
0 L 1 .t i — 1 { | ] I L 1 i J
100 2 4 6810° 2 4 68105 2 4 6 810°

Re = U dyfv



2/29/00

-10 -

T Exarge (1) Coulee b B Sl thong
wmclzm N & C/\mﬁa apm'l-mm\}

n Raon qeomeboy

O X% 6m
3 5_\}_:546‘0

éla: 0.6 m
C. S[‘_ajemcl.

f';/;“ O-I/(




-t ‘Z/Zﬂ/aa

D, C_{xﬂi@_f'ma \/_f._j:_x.;l.& Jeca__u_\

o - K )

Ub
—T;LC kvi"é
Thn  Un . | fo 2204

Us
_”lts Jt'[:’u% {’/ﬁ-ct ! H"‘ POL"L"I cove 1"1-35&1‘07\..{ ag\‘if‘
w“\!o]\ Um CX@CT—E&M. Cc—kffbl( Ke. H'&"\

Um‘— UD O"“X'( 640
Um: 0.6 U ol = 104, He vearr cull

£ ) E_’__m.) &Llramm"l‘

‘.-_—___-_"‘"-—

At fhe N Q@ . 5 ' :
rear W @o~ 0.32 (f“() 3 2

F. E_e lg ‘H\a ‘ﬁow QMHS J‘vr[m{eﬂ'l‘ 7

W - l m/s

cjo 0.6 W B

p s LSA1077 mP/
Re = 4 » 104

T;rLcLl?m‘}‘ “ 4’05‘5 NEAA - WA ImUm, M‘LﬂJ‘G‘FCMQ



