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THE RATE OF HEAT TRANSFER DUE TO NATURAL CONVECTION TN CONFINED,
HORIZONTAL, FLUID LAYERS CAN BE EXPRESSED BY EQUATIONS TNVOLVING THE
DIMENS IONLESS PARAMETERS NusSeLYT Noe.y; RavLeicr Noe, anp Pranoti No.,
wHeERe RaviLeten No, EQUALS THE PRODUCT OF Graswor AND PranoTL Noss

STATISTICAL CORRELATION BY STEPWISE MULTIPLE REGRESSION OF
EXPERIMENTAL DATA OBTALNED FROM FOUR DIFFERENT INVESTIGATORS,; ON BOTH
GASES AND LEQUIDS, YIELDS THREE SEPARATE EQUATIONS CORRESPONDING TO
THREE DISTINCT REGINES OF CONVECTIONe THE TOTAL RANGE SPANNED BY THE
DATA IS FROM THE ONSET OF CONVEGTION TO RayLetew = 2095

THE EQUATIONS ARE

Ra : 8toe Error
RecIME RaNGE Equation oFf ESTIMATE
INITTAL 16003000 Ny = o‘oozss(mfmé + 4%
Laminar  3000=105  Nu = 0,221 (Ra)®2%® + 1%
Tursurent  10%«10% Nu = 060891(Ra)e316 (pg)e0853 % 12%

THE STANDARD ERROR OF ESTIMATE; WHICH IS THE PROBABLE ERROR [N THE
PREDICGTION OF Nu FrROM A REGRESSION EQUATION, IS OBTAINED FOR EACH

REQGIMEe A VERY HIGH DEGREE OF ACCURACY WAS OBTAINED FOR ALL CORRELATICNS,
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HEAT TRANSFER BY NATURAL CONVECT!ON

IN HORIZONTAL FLUID LAYERS

INTRODUCT | ON

HEAT TRANSFER BY NATURAL GCONVECTION IN CONFINED, HORIZONTAL,
FLUID LAYERS WAS F IRST INVESTIGATED FORMALLY BY Benarp (1)3# 1w
1901 awp anaLyzep By Lorp Ravieiten tn 1916 (2)s SINGE THAT TIME A
CONS IDERABLE AMOUNT OF WORK HAS APPEARED IN THE LITERATURE CONSISTING
LARGELY OF MATHEMATICAL ANALYSES DEFINING THE CONDITIONS UNDER WHICH
A HEATED LAYER FIRST BECOMES UNSTABLE AND BEGINS TO CIRCULATE. PRIOR
To 1950 ONLY A SMALL AMOUNT OF EXPERIMENTAL WORK HAD BEEN DONE. SINCE
THEN, HOWEVER, THREE PAPERS HAVE BEEN PuBLIsHED (12, 20, 2!) RePoRTING
EXPERIMENTAL HEAT TRANSFER DATA OVER A WIDE RANGE OF THE PHENOMENON
AFTER THE ONSET OF CONVECTION., WORKING INDEPENDENTLY, WITH DIFFERENT
FLUIDS, AND §N DIFFERENT RANGES, THE AUTHORS DIFFERED IN THEIR
CORRELATIONS AND NO COMPREHENSIVE RELATIONSHEP WAS DEVELOPED.

THiS THESIS PRESENTS AN ENGINEERING CORRELATION BY STEPWISE
MULTIPLE REGRESSION OF THE AVAILABLE DATA., THIS METHOD IS A POWERFUL
STATISTICAL TOOL THAT PROVIDES A CORRELATING EQUATION FOR A MULTIPLIGCIETY
OF PARAMETERS AND, AT THE SAME TIME, Y!ELDS AN ESTIMATE OF THE ACCURACY
OF THE CORRELATION AND THE SIGNIFICANCE OF THE INDIVIDUAL PARAMETERS,
Te THE AUTHOR'S KNOWLEDGE, THIS THESIS IS THE FIRST USE OF STEPWISE
MULTIPLE REGRESSION IN THE ANALYSIS AND CORRELATION OF HEAT TRANSFER

DATAe
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THREE OF THE FoUR SETS oF DATA (12, 20, 21} werc oBTAINED
DIRECTLY FROM THE AUTHORS IN THE FORM OF THE DIMENSIONLESS
PARAMETERS Nussert, RaYLETeH, GRASHOF, AND PRANDTL NUMBERSe. (THESE
WiLL BE ABBREVIATED Nu, Ra, Gr, PR HEREAFTERe) THE oTHER stT (5)

WAS CALCULATED FROM RAW DATA TABULATED IN THE PAPERs

% NUMBERS IN PARENTHESES REFER TO REFERENCES LISTED IN THE BIBLIOGRAPHY.
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THEORY

THE Systewm

WHEN A TEMPERATURE DIFFERENCE 1S APPLIED ACROSS A HORIZONTAL
LAYER OF FLUID THAT S INFINITE IN EXTENT AND CONFINED BETWEEN
CONDUCTING HORIZONTAL SURFACES, A TEMPERATURE GRADIENT WILL BE ESTABLISHED
ACROSS THE LAYER AND HEAT WILL FLOW BY CONDUCTION (AND, EN THE CASE

OF GASES, BY RADIATION) ACCORDING TO Fouritr's Law Q = KA(T| « Tp) « |

L
IF THE HOT SURFACE (S BENEATH THE LAYER, THE FLUID WILL TEND TO
GrAn
C!RCULATE/B&f TO A DENSITY GRADIENT ACROSS THE LAYER INDUCED BY THE
TEMPERATURE GRADIENT, THIS CIRCULATION &« CONVECTION = RESULTS IN AN
INCREASE IN THE RATE OF HEAT TRANSFER OVER THAT DUE TO CONDUGCTION ALONE.

THis THESIS CONSIDERS THE MAGNITUDE OF THE HEAT TRANSFER DUE TO

CONVECTION.

Onuser oF CONVECTION

Lorp RavLeter (2) rFoUND BY ANALYSIS THAT NO CONVECTION WOULD TAKE
PLAGE UNTIL A CRITICAL VALUE OF THE RavrLeleH numBer (Ra = Gr x PR) was
EXCEEDEDs HIS AMALYSIS HAS BEEN GONFIRMED AND EXTENDED BY OTHERS
(3, 4, 9, 11) anp THE criTicAL Ra of 1T07,8 caLcuLaTep BY JeFFries (3)

HAS BEEN VERIFIED EXPERIMENTALLY (6, T, 10, 12, 14, 20),

HEaT TrANSFER & DIMENS IONAL ANALYSIS

Tue RayLeigH = JEFFRIES ANALYSIS DOES NOT YIELD A FUNCTIONAL

RELATIONSHIP BETWEEN THE RATE OF HEAT TRANSFER AND THE SYSTEM VARIABLES
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AND CONSTANTS AFTER CONVECTION HAS BEGUN. THERE HAVE BEEN VERY FEW
ATTEMPTS 1IN THE LTTERATURE TO DERIVE SUCH A RELATIONSHIP CHIEFLY

BECAUSE THE DIFFERENTIAL EQUATIONS DERIVED FROM THE BASIC FLOW

EQUATION DO NOT YIELD TO LINEARTZATION (16, 19). However, BavowerLer (16)
HAS DERIVED THE FOLLOWING EXPRESSIONS FOR THE CASE OF CONVECTION I[N

VERTECAL LAYERS:

Laminar Recion « Ny =F or (RA)‘25 o 2«

TursuLeNT Recion - Nu = F or (RA)°33 « 3 @

THE RayLEtGH = JEFFRIES CRITERION SUGGESTS THAT THE RATE OF HEAT
TRANSFER 1S SOME FUNCTION OF RA AND SUCH A FUNCTION CAN BE DERIVED BY
DIMENSIONAL ANALYSISs

IF WE POSTULATE THAT AT STEADY=STATE CONDITIONS THE OVERALL RATE
OF HEAT TRANSFER PER UNIT AREA H IS A FUNCTION OF

X1, @, Lol 5 Ky Cy 5 & T WHERE KT/L = HEAT TRANSFER RATE PER UNIT
L

AREA BY CONDUCTION AND

B = THERMAL CONDUWCTIVITY OF THE FLUID

i

T TEMPERATURE DIFFERENCE

[}

THICKNESS OF THE FLUID LAYER

€ = DENSITY OF THE FLUID

*

DYNAMIC VISCOSITY OF THE FLUID

¢ = SPECIFIC HEAT AT CONSTANT PRESSURE OF THE FLUID
f = COEFFICIENT OF THERMAL EXPANSION OF THE FLUL®

6 = GRAVITATIONAL CONSTANT

{ALL CONSTANTS ARE EVALUATED AT THE MEAN

TEMPERATURE OF THE LAYER)
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THEN THE FOLLOWING EXPRESSION CAN BE DERIVED BY DIMENSIoNAL ANarysis: (23)

(See Apeenoix 1)

. N ,
_H = rFor (8 o Tiga e2) Cﬁéc)p or Nu = F or (Ge)N (PR)P “ 4 e
KT /% T F ) K )
. # ,
Ween N = P, Nu = F or (Ra) 5 e
H Is A FOrRM oF NUSSELT NUMBER AND IS THE RATIO OF OVERALL

KT?L
RATE OF HEAT TRANSFER DUE TO CONVECTION AND CONDUCTION TO THE RATE OF

HEAT TRANSFER DUE TO CONDUCTION ALONE, WHEN IT 1S EQUAL TO ONEg NO

HEAT §S BEING TRANSFERRED BY CONVECTIONs

€ e Tikafiz Is THE GRASHOF NUMBER. IT CAN BE REGARDED AS THE
Jﬁéa

RATIO OF BUOYANT Fomrces, (P e T), To THE viscous rorces (/P ), of
THE Frulp (22),

THE SIGNIFI1CANCE OF THE CRITECAL RA piscoverep B8Y LorD RavLeleH
THEN, §S THAT THE BUOYANT FORCE DUE TO THE TEMPERATURE GRADIENT [8
BALANCED BY THE VISCOUS FORCES IN THE LAYER UNTIL THE BUOYANT FORCE
ATTAINS A VALUE REPRESENTED BY THE deTchL Ra. WHEN THIS HAPPENS,

(g onts ’

FLOW COMMENCESe

_MC IS THE PRANDTL NUMBER, WHICH IS THE RATIO OF MOMENTUM DIFFUSEVITY
K

TO THERMAL DIFFUSIEVITY IN THE FLUIDS TeEey, THE RATIO OF THE FLUID
PROPERTY GOVERNING THE TRANSFER OF MOMENTUM BY VISCOUS FORCES TO THE

FLUID PROPERTY GOVERNING TRANSFER OF HEAT BY TEMPERATURE DIFFERENOEs
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THE DIMENSIONAL AMALYSIS ASSUMES THAT HEAT TRANSFER THROUGH THE
LAYER IS NOT AFFECTED BY THE PARTICULAR CGEOMETRY OF THE FLOW PATTERHNS
OR THE ABSOLUTE MAGRNITUDE OF THE TEMPERATURE DIFFERENCEs In ADDITION,
¥T ASSUMES THAT THE PHYSYICAL CONSTANTS CAN BE EVALUATED AT THE MEAN

TEMPERATURE OF THE LAYERs

Mopes or LCONVECTION

AFfER THE ONSET OF CONVECTION, DIFFERENT MODES OF FLOW HAVE BEEN
osservep (6, T, 8, 12, 20, 21)¢ INITIALLY THE FLOW TAKES PLACE N
DISCREET CELLS THAT HAVE CROSS SECTIONS OF REGULAR POLYGONS. As Ra
INCREASES THE MODE CHANGES AS SHOWN BY CHANGES IN THE SHAPE AND WIDTH
OF THE CELLSe FiINALLY, THE ORDERL; CELLé DISAPPEAR ALTOGETHER AS THE
CONVECTION CHANGES FROM LAMINAR TO TURBULENT FLOWs.

A NUMBER ar ANALYSES HAVE BEEN PUBL ISHED PREDICTING THE Ra AT
WHICH MODE TRANSITIONS occur (3, 9, 14), AND SOME EXPERIMENTERS HAVE
TRIED TO CORRELATE THEIR HEAT TRANSFER DATA WITH THE CHANGES IN MODE
THAT THEY OBSERVEDe HOwEVER, MaLxus (i5, I7) REPORTED THAT THE HEAT
TRANSFER FUNCTION CHANGES ONLY WITH THE CHANGE FROM LAMINAR TO TURBULENT

FLOW AND DOES NOT CORRESPOND TO CHANGES IN MODE WITHIN THESE REGIMES.

Form or CORRELATION

THis THESIS PRESENTS AN EMPERICAL CORRELATION Of NU VS THREE
2 2 T«
DIMENS IONLESS PARAMETERS = RA, Pr, AND A/DS, wHERE A/DS I8 THE RATIO

OF AREA TO THICKNESS SQUARED OF THE APPARATUS USED IN OBTAINING THE DATA.
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THESE PARAMETERS WERE SELECTED FOR THE FOLLOWING REASONSS

le RA Is PREDICTED BY DUIMENS IONAL ANALYSiSe

2 Pr ts reporTED (20, 21) TO BE AN ADDITIONAL PARAMETER
WiTH RA IN THE TURBULENT REGIONe

3. A/b2 Is DESIGNED TO TEST THE EXPERIMENTAL DATA FOR
AGREEMENT WITH THE ASSUMPTION OF INFINFTE EXTENT OF

THE LAYERs
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EXPERIMENTAL DATA

SOURCES
THE DATA WERE OBTAINED FROM THE FOUR SOURCES LISTED IN TasrLe I,
IN THREE CASES THE DATA WERE OBTAINED DIRECTLY FROM THE AUTHORSe IN
THE OTHER GASE {MuLL AND REIHER) RAW DATA WERE TAKEN FROM A TABULATION
IN THE PAPERg AND THE PARAMETERS CALCULATED FROM {Te
TABLE 1

SourceE AND RancE oF ExPerimMeNTAL DATA

Date Ra No. oF
Source PuBL tsHED FLuip RANGE Data

DeGraar anp Van Der Hewo(12) 1952 Atr 103-105 26
GLose ano Dropkin(21) 1958 WATER,?glLkGGNE

olLs, Mercury 10°107 56
MoLt AND RETHER(5) 1930 Rir 10306 17
Scumipr AND SiLveston(20) 1958 Water, Guyoor,  103«10° 106

HepTang,

Sgricone OrLs

APpARATUS AND PROCEDURE

ALL OF THE SOURGCES OF DATA USED SIMILAR APPARATUS, DIFFERING
PRINCIPALLY {N DETAILS OF CONSTRUCTION AND METHODS OF MEASURING THE
NET RATE OF HEAT TRANSFERe A COMPARISON OF THE [MPORTANT FEATURES OF
THEIR APPARATUS IS MADE IN TABLE I!f IN GENERAL, THE PLuiE LAYER WAS
CONF INED BETWEEN TWO PARALLEL METAL PLATES AND AN ENCLOSING WALL OF
INSULATING MATERIALe OSPACING WAS FIXED EITHER BY SMALL SPACERS BETWEEN
PLATES OR BY THE ENCLbSUﬂE. THE LOWER PLATE WAS EQUIPPED WITH ELECTRICAL
HEATERS, WHILE THE UPPER PLATE WAS ‘DESIGNED TO ACCOMMODATE A FLCW OF
COOLING WATER OR AlRe TEMPERATURE DIFFERENCE WAS MEASURED BY

% Pg, 17



THERMOCOUPLES EMBEDDED IN THE PLATES. HEAT TRANSFER RATE WAS
CALCULATED EITHER BY MEASURING THE POWER CONSUMPTION OF THE HEATERS
OR THE HEAT ACQUIRED BY THE COOLING MEDIUMs THE PROPERTIES OF THE
FLUID WERE TAKEN AT THE ARITHMETIC MEAN TEMPERATURE OF THE HOT AND
COLD PLATESe IN THE EXPERIMENTS ON AIR, THE HEAT TRANSFER DUE TO
RADIAT |ON WAS DETERMINED OVER THE TEMPERATURE RANGE OF THE
EXPERIMENTS BY INVERTING THE NOT AND COLD SURFACESS leEey, BY HEATING
FROM THE TOP,AND CORRECTING FOR CONDUCTION BY CALCULATIONe EACH OF
THE EXPERIMENTAL RUNS WAS CogRECTED BY SUBTRACTING THE APPROPRIATE
RADIATION VALUE FROM THE MEASURED TOTAL HEAT TRANSFER RATEe

THE EXPERIMENTAL PROCEDURE WAS THE SAME FOR ALL THE SOURCES
A TEMPERATURE DIFFERENCE WAS APPLIED TO THE FLUID LAYERy, THE SYSTEM
WAS ALLOWED TO REACH EQUILIBRIUM AND MEASUREMENTS OF T,, T,, aND Q (or
ELECTRICAL POWER CONSUMPTION) WERE MADE.

CERTAIN DISCREPANCIES IN EXPERIMENTAL TECHNIQUE ARE WORTHY OF
NOTE BECAUSE THEY BEAR ON THE ACCURACY OF THE DATAe

Borr GLoBe AnND DROPKIN AND SCHMIDT AND SILVESTON, WHO EXPERIMENTED
WITH LIQUIBS, DETERMINED THE HEAT TRANSFER BY MEASURING ELECTRICAL
POWER CONSUMPTIONes I|HE APPARATUS OF THE LATTER WAS ELABORATELY
INSULATED TO GUARD AGAINST HEAT LOSS, AND coanch:ons,Awuene NECESSARY,
WERE APPLIED., HOWEVER, GLOBE AND DROPKIN, NEITHER INSULATED THEER
EQUIPMENT NOR CORRECTED FOR LOSSe AT LEAST THE AUTHORS ARE SILENT
ON THIS POINT AND THEIR DIAGRAMS AND DISCUSSIONS REVEAL NO SUCH
PRECAUTIONSs IF SUCH 1S THE CASE, THEIR NU SHOULD TEND TO BE HIGHER
AT PARTICULAR RA,ﬂ Tve apPpaRATUS of DE Graar anp Van Der Heuo was wor
INSULATED EITHER, BUT THEY MEASURED THE HEAT TRANSFER RATE BY
MEASURING THE HEAT ACQUIRED BY THE COOLING WATERe [N ADDITION, THEY
CORRECTED FOR EXTRANEOUS LOSSES AT THE SAME TIME THAT THEY CORRECTED

FOR RADIATIONe
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De Graar ano Van Der Hevo wave porntee our (12, 13) THar
MutL AND REIHER CALCULATED THE THERMAL COEFFICIENT OF EXPANSION
FOR AIR INCORRECTLY, UsiINe |/273 [nsTEaD oF !/T (aves) THEREFORE,
THE DATA OF MuLL AND REIHER WAS RECALOULATED BEFORE BEING USED BN
THIS CORRELATIONe APPENDIX || CONTAINS THE DERIVATION OF A = i/TAVGa
Appenpix |1l DESCRIBES THE CALCULATION OF MuLL anp ReiHer's NusseLT
AND GRASHOF NUMBERS USING THE CONSTANTS OF D& GrAAF Amb Van Der Hevo
AND i/TAVGs

THE EXPERIMENTAL DATA ON atr (5, 12) wasS PLOTTED BY THE ORIGINAL
AUTHORS .IN THE FORM oF Nu vs GrR, SINCE PR IS NEARLY A CONSTANT FOR
AR OVER THE TEMPERATURE RANGE OF THEIR EXPERIMENTS. RA FOR THESE
DATA WAS CALCULATED FROM THE ORIGINAL GrR (RECALOULATED IN THE CASE OF
MuLk &ND REIMER) USING THE PR THAT ARE PLOTTED VERSUS TEMPERATURE IN
?t@, le ALTHOUGH TRE VARIATION WITH TEMPERATURE [S NOT LARGE, THIS

WAS DONE TO REDUCE ERROR IN THE CORRELATIONg
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MeTHOD

THE DATA WAS ANALYZED STATISTICALLY BY THE METHOD OF STEPWISE,
LINEARy; MULTIPLE, REGRESSION (25)e¢ LINEAR MULTIPLE REGRESSION
CONSISTS OF FINDING BY THE METHOD OF LEAST SQUARES THE FUNCTION
OF THE FORM

Y = a4 + B!x! + BZXQ + 83X3 eeeeeod

THAY BEST FITS THE DATAs. THEREFORE, THE HYPOTHETICAL FUNCTION

B B B
Nu = a (Ra) | (Pr) 2 (A/p2)°3 was EXPRESSED IN LOGARITHMIC FORM

Loe Nu = Loe a + B Los Ra + 8, Loc Pr + B4 Lo A/&x2 “ 6 =

3
THE LEAST SQUARES BEST FTT IS THAT EQUATION THAT RESULTS IN THE
MINTMUM STANDARD DEVIATION OF THE DISTRIBUTION OF EXPERIMENTAL DATA
ABOUT THE REGRESSIONe A MORE DETAILED EXPLANATION OF THE METHOD
AND THE [INTERPRETATION OF THE STATISTICS §S GIVEN IN ArpenDix Ve

IN STEPWISE MULTIPLE REGRESSION, THE VAR{ABLES ARE ADDED TO THE
REGRESSION ANALYSIS ONE AT A TIME IN THE ORDER OF THEIR CONTRIBUTION
TO THE GOODNESS OF FITe IHIS PROCEDURE HAS SEVERAL ADVANTAGES. AT
EACH STEP 1T PROVIDES THE FOLLOWINGS

le A REGRESSION EQUATION FOR EACH OF THE VARIABLES
INCLUDED IN THE REGRESSION UP TO THAT STEPg

2¢ AN ESTIMATE OF THE PROBABLE ERROR IN THE PREDICTION

oF Y FROM THE REGRESSION EQUATIONg
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e AN ESTIMATE OF THE PROBABLE ERROR N THE REGRESS ION
GWZFFECiENTS%BI, 82, 33 660 06 e
4 AN ESTIMATE OF THE SIGNIFICANCE OF EAOH VARIABLE
I[N THE REGRESS |ONe
S5¢ REJECTION OF EINSIGNIFICANT VARIABLES,
THE CALCULATIONS FIRST WERE CARRIED OUT MANUELLY TO DETERMINE
THE REGIMES INTO WHICH THE DATA SHOULD BE DIVIDEDe THEN, FOR ACCURACY,
THE DATA WERE ANALYZED ON AN |.B.M, TO4 COMPUTER USING A STEPWISE,
LINEAR, MULTIPLE REGRESSION PROGRAM DEVELOPED BY THE CompuTinNg CENTER
oF THE Esso ResearcH AND ENGINEERING Co., THE RESULTS OF THE TWwWO
ANALYSES WERE IN COMPLETE AGREEMENTe TABLE |IlI1% LisTs THE EXPERIMENTAL
DATA AND THEIR LOGARTTHMS, WHICH WERE THE INPUT TO THE COMPUTER. ALL

THE DATA WERE ASSUMED TO HAVE EQUAL WEIGHTe

RESULTS

THE EXPERIMENTAL DATA CORRELATED IN THREE DISTINCT REGIMES
OF CONVECTION = INITIAL, LAMINAR, AND TURBULENTe I|HE RANGE COVERED
BY EACH REGIME, THE PARAMETRIC EQUATIONS FOR EACH REGIME, THE
STANDARD ERROR OF ESTIMATE OF NU FROM EACH EQUATION, AND THE STANDARD

ERROR OF THE COEFFICIENTS® ARE LISTED IN TasLe 1V,

#COEFFICIENTS THROUGHOUT THIS PAPER REFER TO THE COEFFICIENTS OF
THE LOGARTTHMIC EQUATION, THESE BECOME EXPONENTS OF THE PARAMETERS

IN THE POWER L&W EQUATIONg

# Tagre 11} « Pe, I8



SuMMARY ofF REGRESSION ANALYS{S

STU;VERROR StoeERROR
or Coere OF EsTIMATE

REGIME EQuATiON Ra_ Pr
+4,32
IntTiar  1600%3000 Ny = 0,00238(Ra)*816 +4042 4,08
. 256 *Tel9
Laminag  3000=10° Ny = 0,221(Ra) £4006 ~6473
+13.6

TurBuLENT 1052107  Nu = 0,0891(Ra)*3!6(Pr)+0853 4,007 +.0044  wl1,9

THE FOLLOWING CONCLUSIONS CAN BE DRAWN FROM THE ANALYSISS
le OCONVECTIVE HEAT TRANSFER IN HORIZONTAL LAYERS CAN BE
ﬁxpnssszo ACCURATELY BY THREE DISTINCT EQUATIONS,
2¢ NuU CAN BE EXPRESSED AS A SIMPLE POWER LAW FUNCTION
oF Ra, AND, IN THE TURBULENT REGIME, OF Ra anND Pry
3e A/02 IS NOT A SIGNIFTCANT CORRELATING PARAMETER AND
THE ASSUMPTION OF LAYERS OF INFINITE HORIZONTAL EXTENT
Is JUSTIFIEDe
THE VALUE OF THE CRITICAL RA CALCULATED FROM THE EQUATION OF THE
INITIAL REGIME 1S [640. THIS 1S IN REASONABLE AGREEMENT WITH THE
ANALYTICAL VALUE OF 17078 (3) AND WiTH EXPERIMENTAL VALUES REPORTED
IN THE LITERATURE. (6, 7, 20, 21)
In Fiee 3, Nu vs RA OF THE EXPERIMENTAL DATA IS PLOTTED TOGETHER
WITH THE EQUATIONS OF THE THREE REGIMES. |HE TURBULENT EQUATION I8
PLOTTED WITH VARIOUS PR AS PARAMETERS. IN Flee 5 THE TURBULENT REGIME

.0853

IS COMBINED INTO ONE EQUATIGN BY PLOTTING Nu/PRr vs Ras IT Ccan BE
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SEEN FROM THESE FIGURES THAT THREE REGIMES COMPLETELY DESCRIBE
THE DATA. OCHANGES IN MODE OF CONVECTION Wi1THIN THESE REGIMES
APPARENTLY DO NOT AFFECT THE HEAT TRANSFER FUNOTIONe

In F1ee 4, THE EQUATIONS OF THE THREE REGIMES ARE PLOTTED AS
Nu vs Ra, siMmiLaR To Flee 3, EXCEPT THAT THE EXPECTED TRANSITIGNS
BETWEEN LAMINAR AND TURBULENT REGIMES ARE SHOWN AS DASHED LINESe IT
CAN BE SEEN THAT THE TRANSITION FROM INITIAL TO LAMINAR REGIME IS
SHARRy WHILE THE TRANSITION FROM LAMINAR TO TURBULENT REGIME DEPENDS
ON THE PR OF THE FLUIB. PREVIOUS INVESTIGATORS HAVE NOT REALIZED THiSs
FLuips HAVIMG A HIGH PR UNDERGO A SHARP TRANSITION, WHILE THOSE WITH
SMALL PR 60 THROUGH A MORE GRADUAL TRANSITIONo THE DATA, ALTHOUGH
SPARSE IN THIS REGION, SUPPORTS THIS CONCLUSION EXCEPT FOR MERCURY, WHICH
{NEXPLICABLY DEVIATES FROM 1TS EXPECTED PATTERN IN THE DIRECTION OF
tower Nue

In Fige 5 1T CAN BE SEEN THAT THE DATA IN THE TRANSITION REGION
CORREL&+£S WELL WITH THE REST OF THE REGIMEe EVEN THE LOWER MERCURY
POINTS FALL WITHIN THREE SIGMA LEMITS AND, THEREFOREy; CANNOT BE
EXCLUDED ON STATISTICAL GROUNDSe THEREFORE, THE TURBULENT REGRESSION

EQUATION CAN BE USED TO PREDICT NU IN THE TRANSITION REGIONe

DiscussioN oF THE AnNaALYsts oF Darta

TarLe V# SUMMARIZES THE COMPUTER PREMNT=OUT OF THE STEPWISE
REEGRESSION ANALYSIS. AN EXPLANATION OF THE STATISTICS IS GIVEN N

AppeEnDiIX [V,

# Pge 27
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Stenirtcance ofF THE CORRELATING PARAMETERS

THE COMPUTER ANALYSIS SHOWED THAT ALL OF THE CORRELATENG
PARAMETERS WERE STATISTICALLY SIGNIFICANT TN ALL OF THE REGIMES
TeEes THE BEST CORRELATION INCLUDED ALL THREE PARAMETERS., HOWEVER,
THE [MPORTANT STATISTICAL MEASURE IS THE DEGREE OF SIGNIF ICANCE OF
THE PARAMETERS, WHICH [S GIVEN BY THE COEFFICIENTS OF DETERMINATION
THESE ARE TABULATES IN TaBLE VI#Y AT EACH STEP OF THE REGRESSIONe
THE COEFFICIENT OF DETERMINATION (EQUAL TO THE SQUARE OF THE MULTIPLE
CORRELATION COEFFICIENT) MEASURES THE PER CENT OF THE TOTAL VARIANCE
IN NU ACCOUNTED FOR BY THE REGRESSION AT EACH STEP] l.Eey AS EACH
PARAMETER IS ADDED TO THE REGRESSION ANALYSIS. THE RESIDUAL REPRESENTS
THE VARIANCGE IN NU THAT IS NOT ACCOUNTED FOR BY THE REGRESSION
(SCATTER OF DATA ABOUT THE REGRESSION LINE) AND IS ASgUMED TO BE
RANDOM ERRORs IT CAN BE SEEN FROM ‘TABLE V! THAT RA 1S VERY HIGHLY
SIGNIFICANT WHILE, EXCEPT FOR ONE CASE, PR AND A/02 ARE LESS THAN THE
RESIDUAL, WE CONCLUDE, THEREFORE, THAT Pr AND A/o2 ARE NOT SIGNIFICANT
PHYSICALLY AND THAT THE CORRELATION FOUND BY THE REGRESSION IS
SPURIOUS; leEs, DUE TO OHANCEe THE VARIANCE REDUCTION ATTREBUTED TO
Pr AND A/a2 Is REGARD&B AS ERROR ANO THE PROPER REGRESSION {S THE
RESULT OF STEP ONE, INvVOLVING ONLY Ra. THE EXCEPTION IS Pr IN THE
TURBULENT REGIMEs. TS SIGNIFICANCE 8 ALSO SHOWN BY THE SUBSTANTIAL
REDUCTION OF THE STANDARD ERROR OF ESTIMATE AFTER PR [S ADDED TO THE
REcRESSION (TaBLe V)e FOR THIS REGIME WE CONCLUDE THAT THE PROPER

CORRELATING EQUATION 1S THE RESULT OF STEP TWO, INvOoLVviNG Ra anD Pre
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THE MULTIPLE CORRELATION COEFFICIENTS FOR ALL THREE REGEMES
REFLECT VERY HIGH DEGREES OF GCORRELATION, THEREFORE, WE CONCLUDE
THAT THE FUNCTIONAL RELATIONSHIP NU = F or (Ra) or F ofF (Ra)(Pr)
ACCURATELY DESCRIBES THE PHYSTCAL PHENOMENONe THERE IS MO EVIDENGE

iN THE GRAPHS OF THE DATA TO SUSGEST THAT THERE ARE MORE REGIMES THAN

THE THREE ALREADY DESCRIBEDs

STanparD Error EsTiMATE

THE STANDARD ERROR OF ESTIMATE IS THE STANDARD DEVIATION OF THE
DISTRIBUTION OF EXPERIMENTAL VALUES OF Nu ABOUT THE REGRESSIONe [T
HAS THE USUAL STATISTIOAL sieﬂstoANcgg | I P APPROXBMATELY.Z/ﬁ OF
THE DATA IS EXPECTED TO FALL WITHIN + ONE STANDARD ERROR OF ESTIMATE
(s¥eMA) OF THE VALUE PREDICTED BY THE REGRESSIONo IN THIS CASE, THE
STANDARD ERROR OF ESTIMATE IS GIVEN IN LOGARITHMIC FORM BY THE
REGRESSION ANALYSISe. IN ORDER TO EXPRESS [T IN TERMS OF NU IT MUST
BE STATED AS A PERCENTAGE. JTHIS ACCOUNTS FOR THE FACT THAT ITS POSITIVE
AND NEGATIVE NUMERICAL VALUES ARE DIFFERENT. IF IT IS DESIRED TO
CALCULATE TWO OR THREE S®GMA LIMITS, THEN THE LOGARITHMIC VALUE MUST BE

USED TO CALCULATE THE APPROPRIATE PERCENTAGEe

ERROR OF THE REGRESSION

THE STANDARD ERROR OF A COEFFICIENT IS A MEASURE OF THE PROBABLE
ErRROR (F ONE SI1GMA) OF THE COEFFICIENT ON THE AVERAGEe HOWEVER,; IT IS A
SPECIF IC PROPERTY OF REGRESSIONS THAT THIS ERROR IS NEGLUGIBLE AT THE
CENTER OF THE RANGE COVERED BY THE EXPERIMENTAL DATA AND LARGE AT EITHER
enpo (See Appenpix 1V) THEREFORE, THE REGRESSION EQUATION SHOULD NOT BE

EXTRAPOLATED BEYOND THE RANGE OF THE DATA WITHOUT FURTHER SUBSTANTIATION.



CoOMPARISON OF THE APPARATUS Usen
BY TtHE Sources oF THE Data

De Graar anp Muge AND GLOBE AND SCHMIDT AND
Van Der Hewp RetHER DropPKIN STLVESTON
SHare oF
Fruip CHauBEeER SquarRe Prism RECTANGULAR PrRISM CYLINDER CyLinDER
Area ofF FrLuip
CHAMBER, M2 Oel42(aPPrOX, ) 06617 0,013,0,014 0,031
iDiame OR
Lenatu/MipTh,

MM 430/430 1010/612 127,134 199
SpacinNGg, MM 669«22.9 12=196 35«66 1645=13,0
ConTAINER WaLL "Prexieras®, Uprexperash

MATERI AL GLass Woon "Pyrex"
Was T InNsuLATED? No Yes No Yes
Was THere a Guarbd

HeaTen? No YEs No Yes

MeTHoD oF HeaTine ErLeoTricAL ELeEcTRICAL ErLecTricAL EvectriocAL

MevHop oF Coorine  WaATER WateRr Alry, WATER Warter
Maxs Hot TEMPe, C 146 146 92 70 (esTe)
Maxe TEMPo,

DirFrerence, C 100 29 27 50
Were Liquitos

Decassen? é o Yes YES
MetHop oF PLaTE 3 THERMO= 15 THERMO® I THERMO= 3 THERMO=

TemMPoeMEASUREMENT

Meruoo ofF Hear

TRANSFER

MeEASUREMENT

RapiaTion

CORRECTION

COUPLES N
HOT PLATE}

MEAN COOLING

WATER TEMPe

Heat ACQUIRED

BY COOLING
WATER

YES

COUPLES IN
HOT PLATES
6 THERMO=
COUPLES TN
COLD PLATYE

ELecTRiCAL

POWER CON=
SUMPTION

Yes

CoUuPLE N
EACH PLATE

ELecTrRICAL
POWER CONe
SUMPTION

COUPLES [N
EACH PLATE

ELsoThRiCAL
POWER CON=
SUMPTION
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TABLE VI

CoerrFrgcients ofF MurLTiPhe
CorrevAaTiON AND DETERMINAT IUN

: % bue 1O

VartaBLE CoeFe oF Coere oOF EnTeERING

Resctme Step  ENTERING MuLTeCORREL e MuLTe DETERMy &  VARIABLE
INITIAL 1 Ra 89624 9266 9246
2 Pr ¢9690 9309 | .3
3 A/p2 09803 96,41 262
RestbuaL 369 3e9
Laminar I Ra s 9691 93,9 9369
2 A/p2 09736 94,8 0s9
3 Pr 9758 95,2 0.4
Resipual 4,8 448
TURBULENT I Ra 9302 8663 8663
2 Pr 9902 98,0 16T
3 A/o2 #9908 9862 0.2
Resipuat I8 1.8
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APPENDIX 1
DimenstonaL AnarLysis oF Haagfggsggﬁkucrram AND CONVECTION ACROSS
A HORPZONTAL FLUID LAYER, BOUNDED BY E#NFINITE, RIGID, CONDUCTING
SURFACES AND HEATED FROM BELOWe
ASSUMPTIONS
lF THERE IS NO GGNVECTioN, HEAT WILL BE TRANSFERRED ONLY BY
CONDUCTION AND THE HEAT TRANSFER RATE PER UNIT AREA CAN BE EXPRESSED
BY Hy = KT/Le
AT STEADY=STATE CONDITIONS WHERE HEAT IS BEING TRANSFERRED BY BOTH
CONDUCTION AND CONVECTICON THE NET HEAT TRANSFER RATE PER UNIT AREA,
Hgos WILL BE LARGER THAN H, 50O THAT
Hoo = Hegg = A FUNCTION OF T,L, AND THE FLUID CONSTANTS.
Ho  sT/L
THE FOLLOWING WILL BE THE BASIC UNITSS
Tiwe = T LenetH = L Hear Quantity « Q
Mass - M TEMPERATURE e T
THEREFORE THE PHYSICAL CONSTANTS AND VARIABLES WILL HAVE THE FOLLOWING

MEASURE FORMULARES

K =  THERMAL CONDUCTIVETY Q/rLT
T =  TEMPERATURE DIFFERENCE T
D =  DENSITY ML
M =  DYNMAMIC VISCOSITY M/AT
C = SpeciFic HEAT (AT CONSTANT PRESSURE) Q/TM
A =  OOEFFICIENT OF THERMAL EXPANSION ' /r
G =  ACCELERATION DUE TO GRAVITY L/T2
(AGT) = FORCE OF BUOYANOY PER UNIT MASS L/T2
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(AGT) REPRESENTS THE BUOYANCY FORGCE [N THE FLUID UNDER THE
INFLUENCE OF A TEMPERATURE=iNDUCED DENSITY GRABIENT AND IT IS
CONVENIENT TO TREAT [T AS AN ENTITY HAVING THE UNITS L/Tz.

lr wWE POSTULATE THAT

Hee = F oF (DA,ngﬁ@,KQ,CEQ (AGr)F)
THEN THE EXPRESSION IN PARENTHESES MUST BE DIMENSIONLESS, THAT Is
QeremoLeoT® (M/L3)A(LYB(M/LT)C(Q/TLT)IO(Q/TM)E (L /T2)F

THEREFORE,; EQUATING THE SUM OF THE EXPONENTS OF INDIVIDUAL
DIMENS IONS ON THE RIGHT TO ZERO, WE OBTAIN THE FOLLOWING INDICIAL
EQUATIONSS

o @ 34 + B @« ¢ e D+ F =0

@
+
" m
i

@h = £ = Q “ O e p & JF = 9
A+ ¢ @ g =0

RETainineg € AND:F WE_ CAN EXPRESS THE REMAINING INDECES AS

FOLLOWSS

E = Z2F

o.
il

A = 2F

THEREF ORE

Hoe = F or (AGTL3D2)F (MC)E
—wZ . K

orR Nu = F or (Br)F(Pr)E
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APPENDIX 11

s

FOR 8ASES; THE THERMAL COEFFICIENT OF EXPANSION S EQUAL TO

l ;
/Tys WHERE Ty = MEAN ABSOLUTE TEMPERATUREe

CoNSIDER & CONFINED HORIZONTAL LAYER OF GAS; AT ATMOSPHERIC

PRESSURE, ACROSS WHICH A TEMPERATURE GRADIENT Tp = T, HAS BEEN

APPLIEDg
T2 = ABSOLUTE TEMPERATURE OF THE HOT SURFACE
Ty = " " n " COLD SURFACE
To = MEAN ABSOLUTE TEMPERATURE

= COEFFICIENT OF THERMAL EXPANSION

T = T2 - TO == TO “ T[ = (T2 G T’)/E

ASSUMING CONSTANT PRESSURE THROUGH THE LAYER AND VALIDITY OF THE

PERFECT GAS LAW, THEN

Vi =V, (1 +f7) Vo = Vg (1 wfr)
Vi =nr Ty Vo = N R T2
P P
Vg = Vy = pR (Tp = T)) = Vo (TpwT))
P T
O
Vo & Vyp = V(1 +87) & Voll wfr) =V(287) = Vof (Tp = Ty)

THEREFORE Vo B (To = T)) = Vo (T, = T))
T‘

3 = L
€ =
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APPENDIX Il (Contlo)

THE £xPrESSION V = Vg (1 +8 1) 1s BASED ON THE ASSUMPTION THAT
€ 1s A consTANT. THIS Is VALID ONLY OVER SMALL INCREMENTS OF
TEMPERATUREs TAKING® AT THE MEAN TEMPERATURE INSTEAD OF T| orR T,
$S MORE ACCURATE BECAUSE (T REDUCES THE UINTERVAL OVER WHICH @8

ASSUMED CONSTANT, AND BECAUSE ERRORS TEND TO CANGCEL OUTe
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APPENDIX 111

CormrEOTION OF THE Data oF MurL ano Reiuer (5)

THE bATA oF BOTH MuLL anp Reiwer (5) anp De GrRaAF AND
Van Der Hewo (COMMUNICATION FROM THE AUTHORS) CONTAINS TABULATIONS
OF THE FOLLOWING QUANTITIES: (ALL DATA FOR AIR)
GrasHorF Noo anp Nussert Noe;
THERMAL CONDUGTIVITY OF AIR AT DIFFERENT TEMPERATURES}
TI AND 72& THE TEMPERATURE GRADIENT ACROSS THE LAYER}
Ly THE LAYER THICKNESSe
De Graar anp Vanw Der HELD HAVE SHOWN BY RECALCULATION OF MuLL AND
Reirerts pata (13) THAT THESE AUTHORS USED 5/278 AS THE COEFF ICIENT
OF THERMAL EXPANSION FOR AIR AND THAT THEY USED DIFFERENT VALUES
FOR THE CONSTANTS IN Gr anD Nue A MORE ACCURATE VALUE FOR THE
EXPANSION COEFFICIENT I8 !/Tave (see Appenpix |1) wHere TAve 1S THE
MEAN ABSOLUTE TEMPERATURE I[N THE LAYERg
IN ORDER TO PUT ALL THE AIR DATA ON THE SAME BASIS, THE DATA
or MuLt anD REIHER WAS RECALCULATED USING %/TAVG AND THE CONSTANTS
(THERMAL CONDUGTIVITY, DENSITY, AND VIscOsiTY) ofF D& GrRaAF anD
Van Der HELD, SINCE THEIR WORK WAS MUCH MORE RECENTY THAN THAT OF
MuLye anp RE1HERs
THE CORRECTIONS WERE MADE AS FOLLOWSS

NusseLT Noe

Ny = H WHERE H = MEASURED RATE OF HEAT TRANSFER
PER UMIT AREA DUE TO CONVEOTION

AND CONDUCTIONR



APPENDIX 111 {(Cont's)

K = THERMAL CONDUCT!VITY
T = TEMPERATURE DIFFERENCE
ACROSS THE LAYER
L = Laver THICKNESS
Flse 2 SHOWS THE THERMAL CONDUCTIVITIES VS TEMPERATURE USED
BY BoTH MuLL anp RetHeEr anb De Graar anp Van Der HeLpe THE CURVES
ARE PLOTTED FROM TABULATIONS IN THE RESPECTIVE AUTHOR'S DATA.

CORRECTION WAS MADE AS FOLLOWS:

Correctep Nu = Ogisinar Nu x K or MuLL AND REIHER
K or De Graar & Van Der Hewp

GrasHOF No,

Gr =8 y 1302 wsaz? = THERMAL OOEFF ICIENT OF

2
s EXPANS {ON

G = GRAVITATIONAL CONSTANT
T = TEMPERATURE DIFFERENCE
ACROSS THE LAYER
L = LAYER THICKNESS
O = pensiTy
At = viscosiTy
TAve = MEAN ABSOLUTE TEMPERATURE
CORRECTION WAS MADE AS FOLLOWS:
Gr or De Graar anp Van Der Hevo wég@ 2 = 7
V&
Z WAS PLOTTED AGAINST TAVGs THEN, FOR EACH OBSERVATION OF MuLL AND
REIHER, Z WAS TAKEN FROM THE CURVE AT THE APPROPRIATE TAVG AND

TL3 or MurLt ano RetHer x £ = CorreoreDp GrR
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APPENDIX 1V

(2

Stepwise MurtieLe LiNgar ReGRESS 10N

ReFerences: 25, 26, 27, 28, 29

MuptirrLe Lincar RecrESSiON

MULTIPLE LINEAR REGRESS ION BY THE METHOD OF LEAST SQUARES
CONSISTS OF FINDING THE CONSTANT AND COEFFTCIENTS OF AN EQUATION OF

THE FORM

Y = a4 .+ Bz XI g 82 XE + 53 X3 s 688

i

WHERE Y = PREDICTED VALUE OF THE DEPENDENT VARIABLE

Y = MEASURED vatue " Y " ®

i

X ARBITRARY VALUES OF THE INDEPENDENT VARIABLES

X = MEASURED vaLugs " % it n

CONSTANT = Y INTERCEPT

>
f

= COEFFICIENTS OF THE INDEPENDENT VARIABLES

< w
i

AVERAGE OF MEASURED DEPENDENT VARI!ABLE

x|
i

AVERAGE OF MEASURED INDEPENDENT VARIABLE
& = STANDARD DEVIATION
V = VARIANGE = s
N = NUMBER OF OBSERVATIONS OR PlECES OF DATA
§0 THAT THE SUM OF SQUARES OF THE DEVIATIONS (Y = Y) Is A MINIMUM,
FOR THE CASE OF SIMPLE REGRESSION, THE CALCULATION PROCEDURE CAN
BE EXPRESSED AS FOLLOWSS
(vipeY)=vp o (a+8 x) =y «ar=Bx

éf (v » Y)2 =2(y = & o Bx)°
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APPENDIX 1V (Cownvtp)

To SOLVE FOR & AND B wmewjg(v - Y)Q 1S A MINIMUM

g(YﬂﬁﬂBx)z = g

C§ '
jﬁm £§( Y « & wBx)2 = g

THESE EQUATIONS REDUGE TO THE FOLLOWING INVOLVING §1MPLE
SUMMATIONS ON Y, X, X2, AND X¥$
ﬂéﬁ)+aw+s£w)m0
wZ(xv) + a5 (x) + 8% (x2) = o

THE SUMMATION EQUATIONS CAN BE SOLVED SIMULTANEOUSLY FOR A AND B,
BUT IN PRACTICE THESE EQUATIONS ARE COMBINED, ELIMINATING A, SOLVED FOR
B’ AND A 15 DETERMINED FROM

T =a+8 %

IN MULTIPLE REGRESSION, THERE ARE ADDITIONAL EQUATIONS FOR EAGH
VARIABLE ADDED,

THESE ARE SOLVED SIMULTANEOUSLY FOR By Boy By sesee AND A I8
FOUND FROM

? = A 4 Bl ;' 4 32 Yz <+ E3 ;3 &6 8o

IN STEPWISE PROCEDURE THE SIMULTAN EOUS EQUATIONS ARE SOLVED FOR
ONE VARITABLE AT A TIME BY MATRIX ALGEBRA, WHICH SIMPLIFIES THE
PROCEDURE (25)a AT EACH STEP STATISTICAL INFORMATION IS OBTAINED THAT

PERMITS EVALUYATION OF THE SIGNIFICANCE OF THE CORRELATING PARAMETERS.
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APPENDIX IV (Contfe)

Stanparp Error ofF EsTimate ano CORRELATION COEFF ICIENT

THE BASIC APPROACH OF LINEAR REGRESSION MAY BE DESCRIBED AS
FOLLOWSS

IF THERE 1S NO CORRELATION BETWEEN THE DEPENDENT AND AN
PNDEPENDENT VARIABLE, THEN THE BEST ESTIMATE ofF Y IS Y AND THE
PROBABLE ERROR OF ESTIMATE 1S Sy, THE STANDARD DEVIATION, |F THERE IS
CORRELATION BETWEEN Y AND X, THEN THE REGRESSION CAN BE REGARDED AS
ACCOUNTING FOR SOME OF THE VARIANCE (EQuaL TO SYQ) IN Ye THE RESIDUAL
VARIANGCE WHICH THE REGRESSION DOES NOT ACCOUNT FOR IS REGARDED AS
ERROR OR MAY BE DUE TO OTHER PARAMETERS; SUCH AS PR IN THE TURBULENT
REGIME s

THe MEASURE OF THE RESIDUAL ERROR VARIANCE I8

H

(y @ Y!a = Y

DF

MEAN SQUARE OF RESIDUALS

]

wHerg DF DecreEES OF FREEDOM
= N & NOo OF CONSTANTS I[N THE
REGRESS ION EQUATIONe
7/%V = 8, THE STANDARD DEVIATION OF THE RESIDUALS OR
STANDARD ERROR OF ESTIMATEs
THEREFORE,
TOTAL VARIANCE IN Y & ERROR VARIANCE = VARIANCE CONTRIBUTION
OF Xe
lf ALL THE EXPERIMENTAL DATA WERE TO FALL ON THE REGRESSION LINE,
THEN ALL OF THE VARIANOCE IN Y WOULD BE ACCOUNTED FOR BY THE REGRESSION
OF Y UPON X AND THE RATIO
8y = VY = i
Sk Vi
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APPENDIX IV (Cownt'D)

WHERE Sx AND VX REFER TO THE Y VARIANCE CONTRIBUTIONS OF X?

S
X ' ‘ - - -
Eﬂ IS THE COEFFICIENT OF MULTIPLE CORRELATION, It wine
Y
VARY BETWEEN O AND ONE DEPENDING ON THE SIGNIF ICANCE

OF THE CORRELATIONe

Vg = S;Yzm COEFFICIENT OF MULTIPLE DETERMINATIONs

wsmee b esdmen

Vy Sy

IT ts A MORE ACCURATE ESTIMATE OF SIGNIFICANCE, SINCE VARIANCES

ARE ADDITIVEe

Ergor oF THE ReerESsioN

ASSUMING THAT PERFECT CORRELATION HAS NOT BEEN ACHIEVED, THE
COEFFICIENTS OF THE REGRESSION ARE SUBJECT TO UNCERTAINTY AS MEASURED
BY THE STANDARD ERROR OF THE COEFFICIENTSe [T CAN BE REGARDED AS THE
STANDARD DEVIATION OF THE POPULATION OF REGRESSION LINES THAT CAN BE
DRAWN THROUGH INDIVIDUAL EXPERIMENTAL DATA AND THE POINT X, Y SINGE
Xs Y MUST BE A POINT ON THE REGRESSION LINE. THEREFORE, THE UNCERTAINTY
tN THE COEFFICIENT WILL BE ZERO AT Xy, Y (ASSUMED TO BE NEAR THE GENTER
OF THE RANGE OF DATA) AND LARGE AT EITHER ENDe THAT 1S, THE REGRESSION
LINE GAN BE VISUALIZED AS PIVOTTNG ABOUT X, Y AS FAR AS ITS PROBABLE
ERROR IS CONGCERNEDe JTHE EFFECT OF THIS PROPERTY OF REGRESSIONS IS TO
INCREASE THE PROBABLE ERROR OF THE REGRESSIONM AT THE EXTREMES OF THE
RANGE OF DATA AND TO MAKE EXTRAPOLATION BEYOND THAT RANGE HAZARDOUS,
EQUAT{ONS FOR ESTIMATING PROBABLE ERROR AT ANY POINT ON A REGRESSION

ARE GIVEN N THE REFERENCESe
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SYMBOLS

ABSOLUTE TEMPERATURE

ABSOLUTE MEAN TEMPERATURE OF THE LAYER
TEMPERATURE DIFFERENCE

THERMAL CONDUCTIVITY

ViscostTY

THERMAL COEFFICIENT OF EXPANSION
DENSITY

LAYER THICKNESS

AreEa

SPECIFIC HEAT

HEAT QUANTITY

RATE OF HEAT TRANSFER PER UNIT AREA
VOLUME

STANDARD DEVIATION

STANDARD ERROR OF ESTIMATE

STANDARD ERROR OF THE COEFFICIENT
DOEFFICIENT OF LOGARITHMIC EQUATION AND EXPONENT
OF POWER LAW EQUATION

CONSTANT OF LOGARITHMIC EQUATION
NusseLt Noe

RayLeteH Noe = Gr X Pr

GrasHorF Noe

PranoTr Noe

RATIO OF AREA TO THICKNESS SQUARED OF EXPERIMENTAL

APPARATUS

Cpreg Y )iy
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