Lawrence Berkeley National Laboratory
LBL Publications

Title
CORRELATIONS FOR CONVECTIVE HEAT TRANSFER FROM ROOM SURFACES

Permalink
https://escholarship.org/uc/item/3038c71{

Author
Altmayer, E.

Publication Date
1983-10-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/3038c71j
https://escholarship.org
http://www.cdlib.org/

BRI APPLIED SCIENCE JAN 17 1984

LBL-14893

AL

UNIVERSITY OF CALIFORNIA RECEIVED

LAWRENCE

E Lawrence Berkeley Laboratory

& Dl V| S| ON LIBRARY AND

DOCUMENTS secTion

Presented at the ASHRAE Semi-Annual Meeting,
Washington, DC, June 26-30, 1983

CORRELATIONS FOR CONVECTIVE HEAT TRANSFER
FROM ROOM SURFACES

E. Altmayer, A. Gadgil, F. Bauman, and R. Kammerud

October 1983

~ Y

TWO-WEEK LOAN COPY
This is a Library Circulating Copy N\
which may be borrowed for two weeks.

For a personal retention copy, call
Tech. Info. Division, Ext. 6782.

APPLIED SCIENCE
DIVISION

SphIPI—127

4

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of Cahforma




'LBL-14893

CORRELATIONS FOR CONVECTIVE HEAT TRANSFER
FROM ROOM SURFACES*

Emmanuel Altmayer, Ashok Gadgil, Fred Bauman and Ron Kammerud
Passive Research and Development Group
Lawrence Berkeley Laboratory
University of Califoria
Berkeley, California 94720

ABSTRACT

Correlations of the rate of heat transfer from room surfaces to the enclosed air, based on
empirical and analytic examinations of convection in two-dimensional enclosures, have been
developed. The heat-transfer data base from which the correlations were derived was generated
by a validated numerical-analysis computer program. Simulations were performed for a variety
of temperature and geometry boundary conditions. The correlations extracted from this data
"base express the heat-transfer rate in terms of boundary conditions relating to room geometry
and surface temperatures. The correlations are applicable to a class of room configurations
with cold and warm surfaces on opposite vertical walls.

~In this paper, the numerical-analysis technique is presented, the generalized  methodology
for developing simplified correlations is described, and correlation results are presented and
compared to results using standard ASHRAE techniques. It is shown that the correlation signi-
ficantly improves the accuracy of heat-transfer rate calculations in buildings.

INTRODUCTION

0f the fundamental heat-transfer processes, convection is the least understood. In contrast to
the equations covering conduction and radiation, those governing convective heat and mass
transfer in fiuids (the Navier-Stokes equations) typically do not have closed solutions even
under -steady-state conditions. As a result, convection research has usually been limited to
experimental work, which characteristically is not amenable to generalizations. Thus, there is
a large disparity in the understanding of convective processes in .comparison to radiative and
conductive phenomena.

The objective of the work reported here is to develop a simple, accurate, and highly gen-
eralized set of correlations for the convective heat-fluxes in enclosures typical of rooms in
buildings. The technique used in this study consists of performing “numerical experiments"
using a recently developed and validated numerical analysis computer program that solves the
Navier-Stokes equations in two or three dimensions. The program is used to generate a data
base of heat transfer from the surfaces of an enclosure for a variety of temperature and
geometry boundary conditions. Although this project examined only a few of the possible combi-
ndtions of boundary conditions, the results indicate that accurate correlations can be
developed. The numerical experiments are far more rapidly performed than their physical coun-
terparts and, assuming that carefully selected validation experiments are performed in conjunc-
tion with the analysis, provide a larger amount of accurate data on velocity, fluid tempera-
ture, and heat transfer than the best experiments reported in the 1iterature.

This report will outline the significance of surface convection cdefficients in the

*This work was supported by the Assistant Secretary for Conservation and Renewable Energy, Of-
fice of Solar Heat Technologies, Passive and Hybrid Solar Energy Division, of the U.S. Depart-
ment of Energy under Contract No. DE-AC03-76SF00098.



building sciences and briefly outline the current state of the art. Later sections will
describe the numerical-analysis technique and the methodology used to develop the correlation.
Results of the work will be compared with the standard results, using techniques recommended by
ASHRAE. Recommendations for future research will also be given together with concluding
remarks.

BACKGROUND

Convective processes affect the energy performance of buildings through three mechanisms: (1)
coupling between room air and the surfaces to which it is exposed, (2) distribution of thermal
energy within and between zones by air circulation, and (3) coupling of the interior air to the
external environment through ventilation or infiltration. These processes, all significant,
are the subject of ongoing research. The work reported here focuses on the first of these
mechanisms.

Heat transfer between room air and the surfaces of the room can be characterized in terms
of a surface convection coefficient, h, which describes the thermal conductance between the air
and the surface. In contrast to the conductance of a normally insulated building envelope ele-
ment, the convection coefficient is large and has 1ittlie influence on the overall heat transfer
through the wall. At high conductivity surfaces such as windows, however, the convection coef-
ficient has significant influence* on the heat losses to the environment. Uncertainty in the
magnitude of the coefficient leads to potentially large errors in the calcuiation of thermal
gains and losses, i.e., in the thermal load calculation. For this reason, accurate values for
the surface convection coefficients are necessary to properly determine the heating and cooling
system size and the air-handling system capacity, as well as the thermal capacity of convec-
tively coupled mass in the building.

Heat transfer between room air and exposed surfaces is normally modeled using convection
coefficients recommended by ASHRAE (1981) and Lokmanhekim (1976). These coefficients are
largely based on experimental research conducted 40 to 50 years ago (ASHRAE 1981). The tem-
perature dependence of the data from these experiments {Wilkes and Peterson 1938, p. 513)
disagrees with more recent experimental results (Holman 1976, p.255).

Recently, there has been renewed interest in convective heat-transfer processes in build-
ings. Though much of the recent convection research does not focus directly on the evaluation
of convection coefficients or zone coupling, the research methodology and analytical tools are
sufficiently developed to reconsider past estimates of the importance of convective heat-
transfer processes in buildings. Bauman et al. ("Convective," 1983) contains a 1list of such
investigations on convective heat-transfer within and between thermal zones in building confi-
gurations. In addition to the references cited there, recent work in Japan and Belgium is
described below.

Nomura et al. (1981), and Sakamoto and Matsuo (1980, p.67-72) have developed numerical
models of three-dimensional turbulent flow in a mechanically ventilated room. They have com-
pared the predictions of computer simulations based on this model with controlled experiments
in full-scale rooms. The main focus of their work has been on the prediction of velocity
fields, ventilation efficiency, and mass transport. Experimental research on heat transfer,
thermal stratification, and passive and active heating systems in residential buildings has
been carried out at Tohoku University; some recent experimental results are described by
Hasegawa et al. (1981).

0f particular interest to the present study is the ongoing experimental research in Liege,
Belgium, described by Lebrun and Marret (1977, p. 417) and Marret (1981). In these studies,
heat transfer and temperature measurements have been made in a full-scale test room to investi-
gate the convective and radiative exchange between interior surfaces of the room. Experiments
have been performed for a number of configurations that often include the combination of one
cold vertical surface (window) and a heat source (radiator or heated surface). No detailed
data are available from these studies to allow a direct comparison of their experimentally
determined surface convection coefficients with those predicted by the numerical convection
program described here.

*The convection coefficient constitutes about 80% of the thermal resistance of a single-pane
window.
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NUMERICAL ANALYSIS TECHNIQUE

Computer programs that solve the full Navier-Stokes equations of motion for airflow in builid-
ings have been developed Gadgil 1979; Gosman et al. 1980, p.316-323; Markatos and Malin 1982,
p.63-75). The program used for the research reported in this paper, described in detail by
Gadgil 1979, is based on the finite-difference method. Time-dependent differential equations
are integrated over the finite number of subvolumes and over each time step to obtain a 1large
number of simultaneous algebraic equations, which are solved for successive time steps until
steady-state flow fields are obtained. .

The numerical-analysis program is suitable for modeling both natural and forced convection
in two and three dimensions, for internal and external flows (Gadgil 1979). In addition, the
program can model any combination of obstacles (internal partitions, furniture, building exte-
riors), heat sources and sinks {space heating and cooling), and velocity sources and sinks
(fans, windows). The program presently is limited to simulation of steady laminar flow; a tur-
bulent model is currently being incorporated into the program. The laminar flow calculations
have been verified against analysis and detailed experiments performed at Lawrence Berkeley
Laboratory and elsewhere (Bauman et al., "Buoyancy," 1980; Shiralkar et al. 1981, p. 1621-1629;
Tichy and Gadgil 1982, p.103-110; Gadgil et al. 1983).

Using this program requires specification of the geometric configuration, thermal and
velocity boundary conditions, and fluid properties. The air velocity (or its derivatives) wmust
also be specified on all bounding surfaces of the enclosure volume. Internal obstacles, such
as partition walls, can be included by specifying zero velocity at appropriate regions within
the enclosure. Forced ventilation is dealt with by setting velocity boundary conditions dic-
tated by fan parameters at appropriate locations. The computer simulation predicts the veloci-
ties and temperatures throughout the volume of interest and also predicts convective heat-
fluxes on all surfaces.' This information allows calculation of heat-transfer coefficients as a
function of position on all surfaces of the room.

CORRELATION METHODOLOGY

Convective heat-transfer coefficients on the interior surfaces of rooms have been investigated
(Bauman et al., “Convective," 1983; Gadgil, Bauman, and Kammerud 1982). It was found that the
convection coefficients recommended by ASHRAE (1981) are inconsistent and are in disagreement
with the results of recent numerical and experimental research. The current level of uncer-
tainty in convection coefficients may lead to unacceptably large errors 1in calculating the
thermal 1load in buildings; dimproved correlations for convective heat-fluxes need to be
developed. Because of the complexity of the recirculating natural convection flow of room air,

which 1is influenced by the temperature distribution on all the room surfaces, it is not

expected a priori that a single set of correlations, which will accurately predict the convec-
tive heat-fluxes on all surfaces for all possible configurations of surface temperatures and
air temperatures, can be obtained. It is hoped, however, that by examining a rather small
number of generic configurations, and developing appropriate correlations for each, that the
vast majority of the combinations of geometric and thermal boundary conditions encountered in
buildings will be covered. Furthermore, it is hoped that the correlations that are developed
are systematically related to one another and have forms that are tractable to the practi-
tioner.

To develop correlations for convective heat-fluxes in a single room, the convection com-
puter program described earlier was used to examine the sensitivity of surface heat-flux to
variations in different parameters governing the flow. These parameters include the bounding
surface temperature distributions, the surface areas, and the enclosure aspect ratio (H/L).
For simplicity, a two-dimensional room, similar to that described by Bauman et al., "Convec-
tive," 1983, was chosen for simulation by the convection program. Experiments {(Bohn et al.
1983) have demonstrated that the boundary layers on walls are almost two-dimensional at high
Rayleigh number values, even for cubical enclosures. The room has a height, H, of 2.44 m and a
length, L, of 3.66 m; each of its four surfaces has been divided into three subsurfaces. The
room 1is shown schematically in figure 1; the individual subsurfaces are identified numerically
in this figure and the subsurface areas (per unit depth) are shown. The enclosure volume was
discretized with an unevenly spaced 20 x 30 grid with a high density of grid lines near the
surfaces for good resolution of the boundary layers. It was verified that a simulation using
this 20 x 30 grid gave the same thermal and velocity profiles as obtained with simulations
using a 31 x 37 high resolution grid. The 20 x 30 grid was used 1in all simulations in the
interest of computational efficiency.



For the first configuration selected, the hottest surface is located on one vertical wall
and the coldest on the opposite vertical wall; this configuration is characteristic of situa-
tions often encountered in buildings. Nine simulations were initially performed. to study
natural convection under the different temperature boundary conditions displayed in table 1.
For these nine analyses, on1y two parameters were varied: the coldest subsurface temperature
(T,) .was varied from -6.67°C (20°F) to 15.56°C (60°F), and the hottest subsurface temperature
(T ) was varied from 21.11°C (70°F) to 37.78°C (100°F)*. The temperatures of all other subsur-
faces were held constant at 20°C (68°F), as were the subsurface areas and the enclosure aspect
ratio. The results from these nine s1mu1at1ons were used to develop a methodo]ogy for produc-
ing correlations for the convective heat-fluxes from the surface to the air, for this particu-
lar configuration.

TABLE 1

Parametric Simulation Description

Parameter Varied
. Temperature of |Temperature of
Simulation # [Cold Wall (TZ) Hot Wall (T8)
(°c) (°F) {(°C) (°F)
1 -6.67 20 {21.1 70
2 -6.67 20 |29.45 . 85
3 -6.67 20 |37.78 100
4 4.45 40 |21.11 70
5 4.45 40 29.45 85
6 4.45 40 137.78 100
7 15.56 60 |21.11 70.
8 15.56 60 ]29.45 85
9 15.56 60 }37.78 100

T;: Temperature of subsurface #i

For all simulations:

Ty =Ty=Ty=Tg=Te=T,=T

=T

5
=7

6 7 8

=T = 20°C (68°F)

10 1 12

The convective heat-fluxes on all subsurfaces, as predicted by the computer program for
the nine initial simulations, are shown in flgure 2. The average room air temperatures
(Taip)** calculated by the program are also shown in the figure. It can be seen - that subsur-
faces 1, 2, 7, and 8 contribute a very large port1on {typically on the order of 90%) of the
total heat transfer into or out of the room air. For this reason, the data interpretation has
focused on these four subsurfaces (henceforth also referred to as C' C, H', and H, respec-
tively, for easy reference), which have been labeled "“active" subsurfaces. Successfu] develop-
ment of correlations for predicting the heat flux from the active subsurfaces would account for

*This range of temperatures represents the Rayleigh number range of 9 x 109 <Ra<7x 1010,

**T was obtained by taking an average of the air temperature at all the nodes of the gr1d
air

weighted with the control-volume surrounding each node.
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about 90% of the total heat flux for this particular configuration. The remaining subsurfaces,
labeled "inactive," have not been considered for correlation development.

Based on the difference between the temperature of the subsurface and the numerically cal-
culated average room air temperature (ATS }, convection coefficients, h, for four active sub-
surfaces in each of the nine parametric runs were calculated using the standard equation

q; '
h, = = (1)
J ATSa
vhere
: qj = convective heat-flux from subsurface Jj to the room
air. '

The computed convection coefficients are shown . in figure 3. The large variation in the
convect1on coefficients for any given subsurface is apparent, particularly for subsurfaces C'
and H'. Even for the primary heat-transfer subsurfaces C and H, the convection coefficients
vary by nearly 50% to 60%.

It is interesting to note that for large values of wall to wall temperature differences
(Tc = -6.7°C, T, = 37.8°C), the convectiog coefficients for subsurfaces C and H are within a
few percent of the constant value (3.08 W/m“°C) documented in ASHRAE 198l1. " However, the
extremely large value of wall to wall temperature difference (44.5°C) exceeds the temperature
differences obtained even under peak load conditions for almost all buildings.

Since the magnitude of the heat flow into a subsurface 1s determined by the temperature
difference between the subsurface and the adjacent air (AT , convection coefficients calcu-
Tated from equation 1, using AT, as defined, will often 1acE a consistent pattern and will,
therefore, be difficult to predict using a simple equation. Whenever the sign of AT, is oppo-
site to that of AT,4s, the convection coefficient calculated according to equation 1 w111 have
a negative sign. Eor examp1e, the updraft of warm air leav1ng subsurface H will deposit héat
into the cooler subsurface H' despite the fact that AT sa 1s positive. These conditions, which
occur in most of the simulations, produce a negat1ve convection coefficient on subsurface H',
as seen in figure 3.

Convection coefficients can also be defined using ATadj aécording to equation 2:

q: ‘
h, = ZTJ—— (2)
J adj

The computer simulations pred1cted the air temperature distribution throughout the room
for each parametric run. Thus, T.,.4; could be obtained for each subsurface.* The convection
coefficients on subsurfaces C' ana H', computed according to equation 2, show a much more con-
sistent pattern than those in figure 3. Thus, it appears that a successful prediction of con-
vective heat-fluxes on wall subsurfaces may be possible if an empirical correlation can be
developed in terms of an estimated air temperature (T:) adjacent to the subsurface j, which is
calculated as a function of the known areas and temperatures of the subsurfaces in the enclo-
sure. This approach wou]d be useful in computations for building energy analysis since, in
these computations, ;. is not available, while surface temperatures and areas are common]y
available. T} was def1neﬂ for each active subsurface and the inactive subsurfaces using the
foliowing equgt1ons '

To= Te o= T o= (Tt LTty Ty +L

H HiptheTe by +Tg

o HTo LT/ (g * Lo+ by *+Le tly)

T = LTyt LT/ (L) (3)

Té. = (LCTci-LC.TI)/(LH*-LH.)

T,qi was calculated for each active subsurface as the average of the individual temperatures
pre&icted by the program along the grid 1ine immediately outside the boundary layer structure.
!



where

T:

j = temperature of subsurface j

Lj = area of subsurface j

Ljt =Lg+Llyg+Lyy +Llyp+ Ly

Lgr =Ll3+ g+ Ls + L+ Ly

For the various subsurfaces, these adjacent air temperatures, T, have the following phy-
sical significance: for the two main heat-transfer subsurfaces, (R and C), and for the inac-
tive subsurfaces (1), this air temperature is simply the area weighted mean of the temperatures
of all the subsurfaces. For subsurfaces H' and C', which are immediately downstream of the two
primary heat-transfer subsurfaces, the relevant air temperatures are given by an area weighted
average of the temperatures of the upstream subsurfaces up to, but excluding, the primary
heat-transfer surface farthest from H' or C'. This procedure ensures that the adjacent air
temperature thus obtained is weighted towards the temperature.of the main heat transfer surface
immediately upstream.

The generality of the initial data base (table 1) was increased by performing additional
numerical -simulations (see table 2). For these simulations, the temperature boundary conditions
were identical to those of simulation 5 of table 1. This particular simulation was chosen:
because it contains the median conditions of the nine initial simulations. The parameters
varied were:

- Area of hot subsurface, LH

- Area of cold subsurface, L

Temperature ofuinactive subsurfaces, Ty

Aspect Ratio of the room, (Height/Width)

The above simulations (table 2) were included with the original 9 simulations (table 1) to
form an expanded data base of a total of 18 simulations. This expanded data base is thus based
on a variation in six independent parameters for the configuration studied.

The analysis determined that in the interest of generality, the heat fluxes from each of
the active surfaces should be first represented in terms of a (dimensionless) Nusselt number
- {equation 4): -
Nuj = g H/D(Ty - T¢Ik] _ (4)
whére‘
i= subsufface number
k = 0.0258 W/m°C for air at NTP

The Nusselt numbers, Nu;j, were then defined as a function of five (dimensionless) Rayleigh
numbers, Raj, according to the following equation:

-Ral/4 + K H Ra% + K L Ra
C iH! LHl H' ic' LCI

o
—_—

Nu, = K (5)

Ty
i iH T, Ra

==y
+
~

" H
.+KiIl—_-i'Ra

where the twenty coefficients Ky; (i = H, C, H' and C'; j = H, C, H', C' and I) were obtained
by using the method of ‘1eas% squares to fit equation 5 to the data base and the Rayleigh
numbers are defined according to equation 6 below: ’



N\t

where

Rag = PITy - T L

Té is defined in equation 3

P = g8Pr/v? = 1.02 - 108 °Cc"lm™3 for air at NTP

EXPANDED DATA BASE SIMULATION DESCRIPTION$

j=H,C,H,C orl

TABLE 2

Base Case# Parameter Varied
| Area of Hot Subsurface, Ay
L | Sl v | An =
: T T
Cly 01 m=I Ho| CF1J2 mz ['H

| ——

simulation #10 simulation #11

Area of Cold Subsurface,' Ac

simulation # 12 simulation #13

Ty
20.0 °C

Temperature of Inactive Subsurface, TI

|

TI = i

T TH
CL7.2 oc i
—— -y

simulation #14 simulation #15

|

Enclosure Aspect Ratio, H/L

A oy iT
o I H/L = 0.33 | H

simulation #16 simulation #17

|
: T
Tc H/L = 0.25 ﬁ H

simulation #18

$

For all simulations: TH= 2945 °C, T

—_ (-]
c™ 4.45 °C

#Base case = simulation #5, Table 1.

In equation 5 the heat transfer from any active surface is given by a 11néar superposition

of the contributions from all the subsurfaces.
power of the Rayleigh number for each subsurface and to the ratio of the room height to
subsurface length. The 1/4 power was used since this is the Ra dependence of Nu (Nuc Ra

Each contribution is proportional to the 1/4th

172?



for laminar natural convection along a vertical flat plate (Holman 1976). The 1length ratio
(H/L:) was included in each term of equation 5 to account for the length of each particular
subsarface Equation 6 shows that the Rayleigh number for each subsugface is .proportional to
the various fluid properties (lumped into a constant, P = 1.02 x 10°), the ‘cube of the length
of each subsurface, and the temperature difference between the surface and the adjacent air
with which it thermally interacts.

RESULTS

The correlation constants obtained from the Teast squares fit are shown in table 3 together
with equation 5. The coefficients K;; 1in the above correlation demonstrate the symmetry
demanded by the problem. For example, the“primary heat-transfer surfaces, H and C, show an
equal but opposite dependence on their respective Rayleigh numbers, as well as on the Ray1e1gh
numbers of the opposing heat-transfer surface (i.e., the coefficients Kyy and K¢ are equal in
magn1tude and opposite in sign to each other, as are the pairs of coeffic1engs Ky and Keys

¢c' and K¢, etc.). Similar symmetry is seen in the correlation coefficients for the sur-
faces H' anﬂ C' as well.

The method of us1ng the correlation is described in detai] in Appendix A. A sample calcu-
lation is presented in Appendix B.

TABLE 3

Correlation Form

Nuj = Kiy i Rag + Kic LC Rag + Ky L:. Rayfs + Kico _::L Rafs + Ky EHT Ra (5)
i Kin Kic Kie Kic® Ki1
H 0.7253 | -0.4062 | -0.0650 | 0.0347 | -0.1017
c 0.4062 -0.7253 | -0.0347 | --0.0650 | -0.1017
HY -0.4049 | " 0.3997 | -0.1256 | -0.0918 0.1427
¢ -0.3997 0.4049 | 0.0918 0.1256 0.1427

The heat-flux predictions for all four active subsurfaces calculated from equations 4, 5
and 6 are compared against the numerically obtained results of the 18 numerical simulations in
figure 4. The solid 45°-1ine represents the line of perfect agreement between the two calcula-
tion techniques. This figure shows that calculations based on the present correlation compare
well with the numerical predictions of the convection program for all four active subsurfaces.
The points B]otted in figure 4 have a root mean square (RMS) deviation from the 45° line of
only 3.16 W/mc. .

The relative and absolute errors in heat-flux predictions from equation 5 (in comparison
with the numerically obtained results) are shown in table 4. The relative errors are small
(typically < 5%) even when the magnitudes of the heat fluxes are small (cf. simulation 7),
showing the applicability of the correlation for a wide range of heat-flux magnitudes. Simi-
larly, the correlation is seen to be insensitive to each of the six parameters varied. The
range of variation of these parameters is indicative of the wide range of validity of the
correlation.

Furthermore, if one considers s1mu1at1ons 1, 4 and 7 from table 1, in which the tempera-
ture of the hot surface is 21.1°C, the magnitudes of the heat fluxes on subsurface H' .are quite

(¥4



TABLE 4

Errors in the Prediction of Convective Heat Flows at the "Active" Surfaces
Using LBL Correlation

Errors in Total Convective | Errors in Total Convective
Heat Flow From Wall to Air | Heat Flow from Air to Wall
Simulation # Ab%ﬁ}ute Re1(a%t)‘ive Abs(ol})ute Ré1(a%t)1've

1 2.96 5.6 2.95 3.3
2 0.62 0.9 1.79 1.8
3 3.29 3.1 1.05 0.9
4 0.41 - 1.6 0.83 v 1.9
5 1.54 3.2 0.72 1.2
6 1.76 2.4 1.81 2.4
7 0.08 1.2 0.35 3.4
8 0.23 0.9 0.79 3.5
9 2.12 4.1 0.52 1.4
10 1.36 3.1 2.36 3.7
n 1.09 2.8 2.06 3.5
12 0.93 1.8 4.73 9.8
13 1.1 3.0 3.21 7.3
184 133 3.2 0.45 0.8
15 0.27 0.6 1.53 2.4
16 0.08 0.2 1.25 2.1
17 0.10 - 0.2 0.7 1.3
18 1.66 3.4 0.71 1.2

small (see figure 2). Under these conditions, one is on the outer limits of the definition of
this configuration as "one hot and one cold surface on opposite vertical walls with the
remainder of the surfaces at an intermediate temperature."” The present correlation predicts
the convective heat-fluxes even under these conditions reasonably well.
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Two methods* of calculating convective heat-flux recommended by ASHRAE are similarly com-
pared with the numerically obtained results in figure 5. The convective heat-fluxes in figure
" 5a calculated using the ASHRAE constant convection coefficients according to equation 7
below:
dasHRAEL = 0 ° Tsa (7
where

3.08 (w/m2°c) for vertical surfaces,

E
"

4.04 (w/m@°C) for horizontal surfaces with heat flow upward.,

0;95 (w/m2°C) for horizoﬁta] surfaces with heat flow downward.

The convective heat-fluxes in figure 5b are calculated using the ASHRAE correlations for tur-
bulent convection coefficients according to the equation below:

dasHRAE2 = M ATg4 : (8)
where

(1.31)(5Isa)0'33 for vertical surfaces

=
il

(1.52)(A’Tsa)0'33 for horizontal surfaces with heat flow upward.

For horizontal surfaces with heat flow downward, no expression for h is given for turbulent
convection. The laminar correlation given by ASHRAE was used:

h = (0.51)( Tgy/L)0+25

The ASHRAE correlations provide a fairly good prediction of the heat flux to the room air
from the cold and hot subsurfaces (C and H), but they have large errors for the other two sub-
surfaces (C' and H'). The ASHRAE correlations, in fact, often predict the wrong direction of
heat flow Eor subsurfacs H'. The RMS deviations of the points in figure 5 from the 45°-1ine
are 16.1 W/m= and 16.8 W/m“ respectively. It should be noted that these numbers are of the
same order of magnitude as the heat fluxes on most subsurfaces. However, most of the aggre-
gated deviation is contributed by the inability of the standard ASHRAE correlations to meaning-
fully represent the heat transfer for the subsurfaces (H' and C') immediately downstream of the
heated and cooled subsurfaces (H and C). A comparison of figures 4 and 5 shows that the pred-
ictions from equations 4, 5 and 6 give substantially better agreement with the data base than
do the ASHRAE calculations, particularly for subsurfaces H' and C'.

In table 5, the convective heat-flows from the active subsurfaces to the room air, as cal-
culated by the present correlations, are compared in detail with the two ASHRAE calculations.
The comparison has been made for one particular set of boundary conditions (simulation 2),
shown in the accompanying diagram. The average room air temperature (T,;. = 17.2°C) computed
by the convection program has been used to calculate the surface-to-air temperature difference
{ AT a), which in turn has been used in the ASHRAE correlations. A measure of the imbalance in
the %ota1 heat flow in the room, Q,.., can be obtained by calculating the total of convective
heat-flows from each of the 12 subsurfaces to the room air. This quantity, although limited to
the convective component of heat transfer within the room, has important implications in terms

*The ASHRAE constant convection coefficient for a vertical surface is derived from table 1,
page 23.12, ASHRAE Handbook -- 1981 Fundamentals Volume by subtracting out the radiative com-
ponent of the total surface heat-transfer coefficient. The radiative component is based on a
5.6°C (10°F) surface-to-surroundings temperature difference, which is not always typical for
real buildings. In addition, it is noticed that the constant convection coefficient is
representative of a 13°C (23°F) surface-to-air temperature difference in order to be con-
sistent with the temperature-dependent convection coefficient for turbulent fiow. The ASHRAE
temperature dependent convection coefficient for turbulent flow is recommended for use with
large plates (typical for buildings) and is taken from table 5, page 2.12, ASHRAE Handbook --
1981 Fundamentals Volume.
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of the accuracy of building load calculations. For the steady-state conditions of this confi-
guration, the convection program properly computes Qnet to be very nearly zero, as it should
be. As seen in table 5, the present correlation, comb1ne§ with two convection coefficients for
the inactive subsurfaces,* produces a room energy balance to within 3.5% of the desired resuit.
Both ASHRAE calculation methods, however, demonstrate large errors in the energy balance calcu-
lation and are not even mutually consistent regarding the direction of the excess energy flow.

TABLE 5

Comparison of Natural Convection Heat Transfer Calculations (Simulation 2)

+
E

3 4 5 6 77“'=fg;EF) '-TI=T3-T‘=T'5‘=TG=20°C
< o + ' T, =Tg=Tp =T = Tqp = 20°C
Te Soene “2 Tair * ‘Z(;;) B 8“T" = (asor) T, = -6.67°C, T, = 29.45°C
Tei= 20°C 1 9
(68°F) | 12 0m 1

Convective Heat Flow (W) From | Imbalance in
Wall to Air for Subsurfaces - Total Heat
Methed of Calculation Flow, Qnet

c', C,H', H

. i

LBL Convection Program ’ 1378 -94.8  -6.9 381 0.3 ° 0.3
LBL Correlation , 35.9 -92.6 -8.4  33.6 .5 3.5

ASHRAE Const. Conv. Coeff. qj‘= 3.08 - AT 6.2 -92.6 6.2 29.4 -10.7 10.9

ASHRAE Turb. Conv. Coeff. q, = 1.31 - a3 a7 om23 37 263 -8 -49.8
ket 12 _ t 12 - 12 _
ZQ:; ‘ : on 2 ZlQJI
i=1 f \i=1 i=1

CONCLUDING REMARKS

“This report summarizes the results of attempts to develop improved correlations for convective
heat-fluxes at the internal surfaces of an enclosure. Correlations have been obtained by

*The present correlations have only been developed for the active subsurfaces. In order to cal-
culate a value for Qnet’ two convection coefficients were estimated for the inactive subsur-
faces along the ceiling and floor, respectively. The four convection coefficients for subsur-
faces 3, 4, 5, and 6, mEs computed by the convection program were averaged together to yield a
single va]ue of 0.1 W/m°C, supporting the classification of these subsurfaces as being inac-
tive. Similarly, for sybsurfaces , 10, 11, and 12 a single average convection coefficient;
was computed to be 2.7 W/m¢°C. )
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analyzing results from numerical simulations of the natural convective process in an enclosure
described by a two-dimensional configuration having the hottest and coldest surfaces on oppo-
site vertical walls--a situation commonly encountered in buildings. The correlations allow
prediction of the major convective heat-fluxes in any situation that can be approximated by the
schematic shown in figure 1. The correlations have been shown to provide accurate calculation
of convective fluxes for a range of enclosure geometries and surface temperatures. ' In particu-
lar, the correlations reproduce the variability of convection coefficients on the primary
heat-transfer surfaces and on surfaces downstream of the primary surfaces. In order to achieve
this generality the correlations have necessarily incorporated information specific to the
fluid mechanics of the problem being characterized and have therefore become considerably more
complex than alternate calculation techniques.

While currently available calculation techniques may be more accessible, they do not con-
tain enough information to properly represent heat transfer in the enclosure, especially for
surfaces in proximity to those that are driving the convection process.

The validity of the present correlation is limited to the particular configuration for
which the numerical simulations were performed. However, the methodology in this report is
quite general and can be appligd to other configurations of hot and cold surface positions, as
well as to three-dimensional situations. The correlations obtained for other configurations
may not be identical in form to those presented here.

An area needing careful consideration in the future is the prescription for identifying a
given real situation with the single most appropriate configuration from the complete set of
configurations for which correlations will be published. It is evident that in each and every
case, identifying the one hottest and the one coldest subsurface may not be possible; all the
subsurfaces may have temperatures close to one another. In this case, all the different appli-
cable correlations must predict similar results. In other words, the correlations, if properly
formulated, must give predictions that continuously and smoothiy vary over all the possible
subsurface temperatures, spanning a number of configurations.

The numerical-analysis technique used in this study has been compared with experimentally
obtained flow patterns, temperature fields, and wall heat-fluxes for the configuration con-
sidered in this report. These comparisons have shown agreement usually within a few percent,
providing one confidence in the computer program as a device for quickly performing “numerical
experiments" for a variety of conditions within the domain of this configuration. It is neces-
sary, in proceeding to obtain correlations for significantly different configurations, to
reconfirm the validity of the computer program in each case, using experimental data for that
configuration.

One caution is in order relating to the use of the preliminary correlation reported here:
experimental evidence exists showing steady, laminar flow in enclosures for the present confi-
guration, even at the high Rayleigh number (Ra) values that have been considered here. How-
ever, almost all the experiments in this regard have used fluids in the Prandtl number (Pr)
range of 2.5 and higher. Since it is known that the Ra number for the onset of turbulence is
decreased for lower Pr number fluids (Pr of air at room temperature is 0.71), the assumption of
steady laminar flow requires careful experimental examination. Similarly, the Ra number for
the onset of turbulence is influenced by the configuration, i.e., the temperature distribution
on the subsurfaces, and this, again, needs careful experimentation. The computer program is
unable to determine the Ra number for the onset of turbulence, and this information must be
experimentally obtained for each configuration.

The results presented in this report indicate that predicting convective heat-transfer in
rooms using general correlations is possible. The success achieved for the one case considered
is encouraging, and leads to the expectation that a similar approach will yield successful
predictions in other cases as well. The difficulties and uncertainties discussed here cer-
tainly exist; however, they are amenable to careful experimentation and analysis.
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NOMENCLATURE

QASHRAE 1
AASHRAE2
Acorrelation
95

Q;

Ra

Raj

Tadj

Tair
T

T

ATadj

ATga
o

8

v

Subscripts:
c

c

i

H

I
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acceleration due to gravity, (m/secz)

Grashof number, gB(T, - TC)H3/\)2

convective heat transfer coefficient at subsurface j, (W/m?°C)

enclosure height, (m)

thermal -conductivity, (w/m2°c)

correlation coefficient w
enclosure length, (m)

length,(m);or area, per unit depth (m2) of subsurface j

lenath, (m), or area per unit depth,(m2), of active subsurfaces upstream from
) subsurfaces j
Nusselt number, at subsurface j, qj H/[(Ty - Tc)k]

Prandtl number, v/a
convective heat-flux as calculated by equation 7, (W/m2).

convective heat-flux as calculated by equation 8 (N/mZ)

= convective heat-flux calculated using equations 4 and 5, (W/n?)

convective heat-flux from subsurface j to room air (W/m?)
convective heat-flow from.subsurface J to room air, (W)

Rayleigh number, Gr Pr

Rayleigh number for subsurface j, defined in equation 6
temperature of room air immediately adjacent to a subsurface, (°C)
average room air temperature, {(°C)

temperature of subsurface j, (°C)

empirically correlated temperature of room air immediately adjacent to subsur-
face j, (°C)

Tj - Tadj’ (°c)

T5 - Tages (°C)

thermal diffusivity, (m?/sec)
coefficient of thermal expansion, (°C~1)
kinematic viscosity, (m?/sec)

15

subsurface 1
subsurface 2
subsurface 7
subsurface 8

subsurfaces 3, 4, 5, 6, 9, 10, 11, and 12
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Aspect Ratio (height/length) = 0.67

Subsurface# | 1 2 3 4 5 6 7 8 9 10 11 12

Area* (n°) | 0.72 1.26 0.46 1.28 1.10 1.28 0.72 1.01 0.72° 1.28 1.10 1.28

*Area per unit depth

FIGURE 1.

Room description
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Comparison of present heat flux predictions
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APPENDIX A:
CORRELATION DESCRIPTION

To apply the correlation for convective heat transfer from room surfaces, an appropriate
room must be selected. For the present correlation this is limited to rectangular rooms whose
surface temperature distribution can be characterized by a warm surface (H) on one wall, a
cooler surface (C) on the opposite wall, and the remaining surfaces at some intermediate tep-
perature (Fig. Al). The correlation is capable of predicting the convective heat flux (W/m®)
to/from the room air for the two major heat transfer surfaces H and C, as well as for surfaces
H' and C', the two vertical surfaces immediately downstream from surfaces H and C.

The correlation is suitable for use with:

(1) a warm surface (H) having a temperature in the range 21.1°C < T, < 37.8°C and an area 1in
the range 41% to 100% of the room height;

(2) a cool surface (C) having a temperature in the range -6.7°C < Tc < 15.6°C and an area in
the range 52% to 100% of the room height;

(3) _inactive surfaces (surfaces 3-6 and 9-12 in Fig. Al) having a temperature in the range
17.2°C < Ty < 22.8°C; and :

(4) rectangular rooms having an aspect ratio in the rangé 0.25< H/L< 1.0 and whose convec-
' tive heat transfer processes can be approximated as being largely two-dimensional in
nature.

For room configurations which fall within the ranges of temperature and geometry specified
above, ' the, correlation will predict convective heat fluxes for individual surfaces to within
about 3 W/m“. For temperature and geometry conditions which fall outside of these ranges, the
accuracy of the present correlation is not known.

Outlined below is a step-by-step procedure which should be followed when using the corre-
lation, v :

S

—

o -
(o)}

3 v _ 71 H'
T -T
cold surface = C|2 - _ 8| H = hot surface
c' |1 9
12 . 11 ' 10

Figure Al. Room Description

Step la: Compute surface lengths (m) (surface length is equivalent to area per unit depth).

LH = L8'
Lc =‘ LZ
byt = 47
Ler = 1

Ly = (Lg + Ly + Lg + Lg) + (Lg *+ Lyg + Lyg + Lpp)
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Step lb: Compute lengths (m) of surfaces upstream from H' and C' (used in equation 3). For a
further explanation see page 6.

Lfr = Lptlgtliptly +Lp
L = Lttty

Step 2: Compute surface temperatures (°C).

Ty = Tg
THI = T"
Tcl = Tl

T1=T3=Tg=T5=Tg=Tg =Ty =Ty =T

Step 3: Compute estimated air temperatures (°C) adjacent to the surfaces.

i (Ly Ty + LeTe + Ly Te + Lot Tes + L Ty)

H C I . |
(Ly + Lo+ Ly + Lew + L)
. u . '
e os STyt by Ty 31
: u
(L, + LH.)
u
oo LeTe e Ty
Cl
u
(Le + Lgo)
Step 4: Compute Rayleigh numbers for each surface (P = gBPr/v2= 1.02 x 108, °C-1m-3).
. - o :
Rq{-MTWIMLH
Ra; = P|TC-Té|LC
- ol o (61
RaH. PITH' THllLH|3
o ' 3
- Rag, = P|TC.-TC.|LC.
_ 3
Ra, = PITI-TilLI
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Step 5: Compute Nusselt numbers for each.surface {H = room hgfght).

Nu; = Kiy ﬁ& Rass + Kyc f%-ka% * Ko EET-Raﬁ. * Kiga E%T Rag, + Ki tj}Ra?
i Ki Kic ST Kic K1
H 0.7253 | .-0.4062 | -0.0650 0.0347 | -0.1017
c 0.4062 -0.7253 | -0.0347 | -0.0650 | -0.1017
H -0.4049 0.3997 | -0.1256 | -0.0918 0.1427
¢ | -0.3997 | 0.4049 0.0918 0.1256 0.1427

Step 6: Compute convective heat flux (W/n?) for each active surface.
Qi = Nui(TH-Tc)k/ﬂ
i =H,C,H , and C'
k = 0.0258 W/m-°C for air at NTP

APPENDIX B:
SAMPLE CALCULATION

Consider the room shown in Figure Bl having a warm 2.4 m high wall maintained at 30.0°C,
and a cool 1.0 m high window maintained at 10.0°C on the opposite wall. The remaining surfaces

have a temperature of 20.0°C. Other dimensions of the room surfaces are indicated in the fig-

ure.

20.0°C A

m 10.’0°C=TC
TH= 30.0°C § 2.4 m

+“—° >

1
1
1
i
)

20.0°C=T

o
o
3

c’ Co J'
20.0°C

* — 4.8 m —»

Figure B1. Sample Calculation Room Description
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in the following calculations refer to Figure Al for surface numbers.

Step la: Compute surface lengths.

'LH§='F8 =2.4m
LA =1.0m
Lyt =Lz =0.0m

Lcl = Ll =0.8m

(L3 + Ly tLlgt L5>‘+>(Lg ; Lig * L11 + le)

(0.6 + 4.8) + (0 + 4.8)

10.2 m.

Step 1b: Compute lengths of surfaces upstream from H' and C'.

LY,

Lﬁ- is not needed because Ly = 0.

L3tlg*tlsgtletly

0 6 + 4 8 + 0 0

5.4 m.

Step 2: Compute surface températures.

30.0°C

n -

Ty =Tg

Te = Tp =10.0°C

TH? = T7 not applicable

Ter = Ty = 20.0°C

Ty =T3=T4=T5=Tg=Tg =Ty =Ty =Typ =20.0°

Step 3: Compute estimated air temperatures adjacent to the sﬁrfaces.

T

T

= (LCTC FLAT/ (L + L

1

(LyTy + LeTe * LyeTyy * LoaTer + LyTp)

(LH + LC + L + Lc‘ + L )

[(2;4)(30 0)+ (1 0){(10. 0);+c-+(o 8)120 0) +(10.2)(20.0)]
_ (2.4+7.0+0+0.8+10.2)

21.0°

C')
[(1.0)(10.0) + (5.4)(20.0)1/(1.0 + 5.4)
18.4°C
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Tl

! not .applicable.

Step 4: Compute Rayleigh numbers.

Ray = PITy - TylL3
= 1.02 % 108]30.0 - 21.0/(2.4)3
= 1.27 x 1010

- 3
Rag = PITe - TelLe

108/10.0 - 21.0[(1.0)3

n
[y
.
(=]
N
>

1.12 x 109

Rays = P|Tyyr = Tl

=0

Racl = PlTC' - Té'LLCI3

1.02 x 108{20.0 - 18.4[(0.8)

8.36 x 107

Ra; = P|Ty - Tl 3
1.02 x 10%]20.0 - 21.0| (10.2)°
1.08 x 10!l

Step 5: Compute Nusselt numbers.

N

N

Nu

Uy

Ue

UL )RS 4 K (H/L)Ra% K i
Ky (/L Ra + Ky (/L DRAE + Ko (/L DRa, + e (/LG DRaE, + Kyp (WL Ra

(.7253)(2.4/2.4)(1.27 x 10'9)9+ (-.4062)(2.4/1.0)(1.12 x 10%)%+0

+ (.0347)(2.4/0.8)(8.36 x 107)%+ (-.1017)(2.4.10.2)(1.08 x 101 1)%
243 - 178 + 0 + 10 - 14 ' ' ' ‘

61

%
I

- y L % % -
Kep(H/LgIRas + Koo (H/LRAZ + Koo (/L )Rag + Kee o (H/LG 1 )RAg + Koy (H/Lp)RaT

(.4062)(2.4/2.4)(1.27 x 10'9)%+ (-.7253)(2.4/1.0)(1.12 x 10°)%+0

=

+ (.0650)(2.4/0.8)(8.36 x 107)%+ (-.1017)(2.4/10.2)(1.08 x 10'")

136 -318 + 0 + 19 -14
-177. .
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Nu

. 4 1 1 . 1 1
KC.H(H/LH)RaH+ KC'C(H/LC)R36+ KC'H' (H/LH. )Raﬁ. + KC'C' (H/Lc.)Ra(‘:‘. + KC.I(H/LI)Raf

= (-.3997)(2.4/2.4)(1.27 x 10'0)% + (.4049)(2.4/1.0)(1.12 x 10%)%+0
+ (.1256)(2.4/0.8)(8.36 x 107)%+ (.1427)(2.4/10.2)(1.08 x 10'1)%

= -134 4178 + 0+ 36 + 19

= 99

Step 6: Compute convective heat flux
qH = NuH(TH - Tc)k/H
= (61)(30.0-10.0)(.0258)/(2.4)

= 13.1 w/m2 (from surface to air)

9%

= (-177) (30.0-10.0)(.0258)/(2.4)

= -38.1 w/m2 (38.1 w/m2 from air to surface)
G = 0
qc. = NuC.(TH-TC)k/H

= (99)(30.0-10.0)(.0258)/(2.4)

= 21.3 W/m® (from surface to air)
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