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ABSTRACT

This bulletin is the first to be published under a cooperative agree-
ment between the Institute of Boiler and Radiator Manufacturers and
the University of Illinois, which was formally approved January 2,
1940. A description of the I=B=R Research Home, which was built
in Urbana, Illinois, furnished and completely equipped specifically for
research work in steam and hot water heating, is given, as well as a
discussion of the results of tests made during the 1940-41 and 1941-42
heating seasons. In all tests an oil-fired, cast-iron boiler supplying
hot water to a one-pipe, forced-circulation, hot-water heating system
with small-tube cast-iron radiators was used in the Research Home.
The principal objectives of the tests were to compare the operating
characteristics of the heating system when operated (1) with a con-
trol system permitting the boiler to be used to heat domestic hot water
as well as to supply heat to rooms, and (2) with a control system per-
mitting the boiler to supply heat to the rooms only. Fuel and power
savings and room temperature conditions resulting from operating
with reduced room air temperatures at night were determined for both
methods of control. Incidental studies were made of the heat transmis-
sion through walls of the house and radiator recesses, and the effect of
radiator location on the temperature distribution and air movement
within the rooms. All windows remained closed throughout all tests.

Operating the system with a flow-control valve and low-limit aqua-
stat maintaining a minimum boiler water temperature of 165 deg. F.
resulted in an average increase in fuel consumption of approximately
0.5 gal. per day as compared with operation without a flow-control
valve and low-limit aquastat. Fuel and power savings resulting from
operation with reduced room air temperatures at night ranged from
zero up to about 10 per cent, depending upon the method of control,
and, in average winter weather, the indoor air cooled not more than
6 deg. F. during the 7.5 hours that the thermostat was set back at
night.

In zero deg. F. weather the average difference between the tem-
perature of the air 3 in. below the ceiling and that 3 in. above the
floor was of the order of 4.5 deg. F. for all methods of operation. A
difference of only 0.5 deg. F. between the maximum and minimum air
temperatures at the 30-in. level was obtained during a cycle of
operation.
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When the radiators were located along exposed walls there was
no noticeable movement of cool air across the floor in any of the rooms.
With the radiators located along inside walls definite cool drafts were
observed, and the floor to ceiling air temperature difference was
increased by 3 to 5 deg. F.

In zero weather the ratio of the rate of heat loss through an unin-
sulated brick veneer recess to the heat loss rate through the fully-
insulated brick veneer wall was about 16:1. One reflective surface
located back of the radiator, or 1 in. of rigid insulation, reduced this
ratio to about 9:1. The use of one reflective surface plus 1 in. of rigid
insulation reduced the rate of heat loss until it was practically equal
to that obtained back of a free standing radiator.

Less than 50 per cent of the heat required to heat the rooms in the
Research Home was supplied by the radiators. The remainder of the
heat was supplied by other sources, such as the chimney and unin-
sulated heating pipes, with a small amount supplied by lights and
occupants. About 80 per cent of the heat contained in the fuel burned
was made available as useful heat in the house.
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PERFORMANCE OF A HOT-WATER HEATING SYSTEM
IN THE I=B=R RESEARCH HOME AT THE

UNIVERSITY OF ILLINOIS

I. INTRODUCTION

1. Preliminary Statement.-This bulletin is the first to be pub-
lished under a cooperative agreement between the Institute of Boiler
and Radiator Manufacturers and the University of Illinois. This
agreement was formally approved January 2, 1940. Early in June,
1940, ground was broken for the I=B=R Research Home, and the
house was completed and all furniture and instruments installed by
the latter part of the year. About the first of January, 1941, a test
program was started in which the operation of a one-pipe, forced-
circulation, hot-water heating system using recessed radiators and an
oil-fired boiler was studied.

Under the terms of the agreement, the Institute is represented by
an Advisory Research Committee consisting of five members. Since the
inception of the program the following members of the Institute have
served on this Committee:

J. P. MAGOS,* Crane Co., Chicago, Illinois
L. N. HUNTER,t National Radiator Company, Johnstown, Penn-

sylvania
J. F. MCINTIRE, United States Radiator Corporation, Detroit,

Michigan
H. F. RANDOLPH, International Heater Company, Utica, New

York
S. K. SMITH, H. B. Smith Company, Westfield, Massachusetts.
It is the function of this committee to propose such problems for

investigation as are of the greatest interest to the manufacturers and
installers of steam and hot-water heating equipment. Of these prob-
lems, the Engineering Experiment Station staff selects for study those
which can best be investigated with the facilities and equipment
available at the University. The Institute provides funds for defraying
a major part of the expense of this research work.

2. Acknowledgments.-This investigation has been carried on as a
part of the work of the Engineering Experiment Station of the Uni-
versity of Illinois and as a project of the Department of Mechanical
Engineering. The investigation was conducted under the general ad-

*Chairman of Committee, 1941 and 1942.
tChairman of Committee, 1940.
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ministrative direction of DEAN M. L. ENGER, Director of the Engi-
neering Experiment Station, and of PROFESSOR 0. A. LEUTWILER, Head
of the Department of Mechanical Engineering. Acknowledgment is
hereby made to the various manufacturers who cooperated by furnish-
ing materials and equipment used in the investigation.

3. Objects of Investigation.-In the broadest sense the object of
these investigations is to study, under actual service conditions, the
different types of steam and hot-water heating systems, and various
changes therein, from the standpoint of the performance of the sys-
tems and their component parts and the comfort conditions produced
within the building. Supplementary studies of the factors related to the
performance of the structure are also to be undertaken.

Tests conducted during the 1940-41 and 1941-42 heating seasons
are discussed in this bulletin. The principal objective of the tests made
during the 1940-41 heating season was to compare the operating char-
acteristics of an oil-fired, one-pipe, forced-circulation, hot-water heat-
ing system operated (1) with a control system which would permit the
boiler to be used to heat domestic hot water as well as to supply heat
to the rooms, and (2) with a control system such that the boiler could
supply heat to the rooms only.

The principal object of the tests made during the 1941-42 heating
season was to determine the fuel and power savings and room tempera-
ture conditions resulting from operating with reduced room air tem-
peratures at night.

Incidental studies were made of the heat transmission through
walls and radiator recesses, and the effect of radiator location on the
temperature distribution and air movement within the room.

II. DESCRIPTION OF EQUIPMENT

4. Research Home.-The I=B=-R Research Home, shown in Fig.
1, is a two-story building, typical of the small, well built American
Home. The construction is brick veneer on frame, and all of the out-
side walls and the second story ceiling are insulated with mineral wool
bats 3% in. thick. A vapor barrier offers resistance to the flow of water
vapor from the heated spaces into the insulation or to the outdoors.
This vapor barrier consists of a glossy-surfaced, asphalt-impregnated
sheathing paper weighing 50 lb. per roll of 500 sq.. ft., applied with
overlapping joints, and as continuous as possible, to the inside of the
studs of all exterior walls, between the house and the garage, and on
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FIG. 1. I=B=R RESEARCH HOME

the bottom of the second story ceiling joists. The exterior walls are
constructed as follows: one course of face brick, an air space, building
paper, ship lap sheathing on 2-in. by 4-in. studs, insulation in the
form of 3%-in. mineral wool bats, vapor barrier, rock lath and plaster
with trowled finish. The calculated coefficient of heat transmission, U,

for this wall section is 0.074 B.t.u. per sq. ft. per hr. per deg. F. tem-
perature difference. All windows and outside doors are weather
stripped, and during the past winter two storm doors were used. Fol-
lowing standard practice the heat losses from the house were calcu-
lated using the methods and coefficients published in the 1940 ASHVE
Guide. As recommended in the Guide, the infiltration loss was based on
a wind velocity of 15 mi. per hr., and the lineal feet of crack existing
around doors and windows, rather than on any assumed number of
air changes per hour. The total calculated heat loss under design
conditions for the house excluding the basement was 43 370 B.t.u. per
hour with temperatures of -10 deg. F. outdoors and 70 deg. F. indoors.

The basement windows and door were almost entirely below grade
and were protected by areaways. Under these conditions exposure to
a wind velocity of 15 mi. per hr. seemed excessive, hence in deter-
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TABLE 1
DATA ON RESEARCH HOME AND HEATING SYSTEM

Calcu- . Installed Radiation
lated
Heat

Heated Loss, Square*
Room Dimensions Space B.t.u. Num- Num- Feet

cu. ft. per hr. ber of ber of Equivalent
(without Radia- Sec- Direct
storm tors tions Radiation
sash) (E.D.R.)

First Floor

Living Room 24 ft.-0 in. x 13 ft.-4 in. 2641 5 749 2 22t 35.2t
Dining Room 13 ft.-l in. x 11 ft.-3 in. 1183 8 742 2 34 54.4
Kitchen 10ft.-5 in. x 11 ft.-3 in. 799 3 199 1 14 22.4
Lavatory 7ft.-0in.x 2ft.-8in. 152 1 484 1 8 12.8
Vestibule 7ft.-5 in. x 5ft.-4 in. 284 4 848 1 16 25.6
Vestibule Closet . ........... . ....... 54 ..
Total (1st Floor) ................... 5113 24 022 7 94 150.4

Second Floor

N.E. Bedroom 10ft.-7in. x 9ft.-9in. 800 4 393 1 16 25.6
N.W. Bedroom 10 ft.-6 in. x 13 ft.-4 in. 1148 4 944 1 18 28.8
S.W. Bedroom 13 ft.-O in. x 11 ft.-4 in. 1108 5 250 1 20t 32.0t
Bath 6ft.-6in. x 7ft.-6in. 374 2 606 1 10 16.0
Stair Landing and

Hall ................... 505 2 155 1 8 12.8
Closets ................... 345
Total (2nd Floor) . 4280 19 348 5 72 115.2
Total (1st and 2nd Floors) 9393 43 370 12 166 265.6

Basement 24 ft.-0 in. x25ft.-2 in. 5084 32 810 It 50 80.0

Net I =B =R Boiler Rating = 63 000 B.t.u. per hr. Oil nozzle 1.20 gal. per hr.
*Based on a rating of 1.6 sq. ft. per section of free standing radiation. For recessed radiators

this rating was reduced by 122 per cent to compensate for recessing. Mean water temperature 195
deg. F., drop of 10 deg. F., heat emission rate 200 B.t.u. per sq. ft. per hr.

tDuring summer of 1941, 2 sections (3.2 sq. ft.) were added to radiation in living room and 5
sections (8.0 sq. ft.) were removed from the radiation in the S.W. bedroom.

*This radiator was not used during either the 1940-41 or the 1941-42 heating season.

mining the outside film coefficient and the infiltration, a wind velocity
of 5 mi. per hr. was assumed. Based on these assumptions, with an
indoor temperature of 70 deg. F. and a ground temperature of 50 deg.
F., the calculated heat loss from the basement alone was 32 810.

The total floor area of the heated space is 1174 sq. ft., and the
volume is 9393 cu. ft. Table 1 gives a summary of the calculated heat
losses, the volumes and the installed radiation for each room in the
house.

In order to make the house easily adaptable to future test work
it was necessary to provide some special structural features, par-
ticularly in the details of the plaster construction. Removable panels
of sheet rock instead of plaster were used on sections of the walls
over all hot water pipes in order to insure accessibility. However, care
has been taken to insure that, so far as is possible, the house remains
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FIG. 2. VIEW OF LIVING ROOM IN I=B=R RESEARCH HOME

a typical home, complete with furniture, rugs, window shades, drapes,
and curtains. Figure 2 shows the character of the furnishings. The
daily occupants of the home consisted of members of the research
staff only. No cooking or other domestic processes requiring the appli-
cation of heat were carried on.

5. Radiator Recesses.-The radiator recesses are so constructed
that radiators with recess panels having inlet and outlet grilles can be
used. In order to accommodate radiators of different sizes, provision
has also been made for changing the size of the recesses with minimum
marring of the interior finish. Since it was impossible to use full thick-
ness mineral wool insulation in the walls back of the radiators, in each
recess the surface of the sheathing facing the radiator was covered
with reflective insulation. With the exception of one, all recesses were
further insulated by applying pieces of rigid insulation the same size
as the recesses on the outside of the sheathing. One-inch rigid insula-
tion was used on ten recesses, half-inch on one, and none on another.
Details of all the types of recesses are shown in Fig. 3. During the
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FIG. 4. BASEMENT PLAN WITH LOCATIONS OF HEATING AND TESTING EQUIPMENT

1941-42 heating season the reflective insulation was removed from the
recesses in the dining room, living room, and S.W. bedroom in order
that the effectiveness of this type of insulation when located back of
radiators might be evaluated.

6. Heating System.-An oil-fired, cast-iron boiler used in connec-
tion with a one-pipe, forced-circulation, hot-water heating system
with small-tube type cast-iron radiators was used in the Research
Home during the heating seasons of 1940-41 and 1941-42. Some of
the factors influencing the selection of this system for the initial instal-
lation were the flexibility, the relatively low cost, and the increasing
popularity of this type of system.

Small-tube type, 19-in., 4-tube, cast-iron radiators set in open
recesses below windows were used to transfer the heat from the water
to the room air. In each case there was about 4-in. clearance between
the ends of the radiator and the sides of the recess, 2/ 4 -in. clearance
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TABLE 2

PIPE AND FITTINGS USED IN INITIAL HEATING INSTALLATION

Section

Basement Main
North Loop

South Loop

Supply Trunk

Return Trunk

Total

Risers
S.W. Bedroom
N.W. Bedroom
N.E. Bedroom

Bath
Stairway
Kitchen

Dining Room, West
Dining Room, South
Living Room, West
Living Room, East

Vestibule
Lavatory
Basement

Total

Pipe
Size
in.

1½

1%
1½

1%

2½

%
%

1

Length
of

Pipe
ft.

47.7

1.7
31.2

6.3

15.8
0.6

103.3

30.5
33.0
33.9

44.8
39.2
19.6

11.8
9.0

14.0
13.8

27.7
30.7
14.0

280.0

Elbows

Size
in.

1%

14-45 deg.
1-45 deg.
1

1%

%%
%

H

Num-
ber

6

3
1
3

2

2

17

11
9

11

15
13
11

11
11
9
9

14
12
4

140

Tees

Size
in.

I14xl% x
lxlx

1 x1 x%
1 xl x)i

1 xl x

21x2x½x1

Num-
ber

1

14
5

1

1
1

14

One
Pipe
Sup-
ply
Fit-

tings
Num-

ber

7

6

13

1
1
1

1
1
1

1
1
1
1

1
1
1

13

Main and Riser Totals
2½-in. Pipe............................ 0.6 ft.
1½-in. Pipe............................ 71.5 ft.

1-in. Pipe............................ 45.2 ft.
W-in. Pipe............................ 63.5 ft.
½-in. Pipe............................ 235.6 ft.

Total............................. 416.4 ft.

Specialities
1%-in. Angle Flow Control Valve ............... 1
1%-in. Circulator............................. 1

between the top of the radiator and the top of the recess, and ¼-in. be-
tween the back of the radiator and the wall of the recess. The front of
the radiator was approximately flush with the wall of the room. The
radiators were connected to two supply loops located in the basement
as shown in Fig. 4. A typical radiator installation is shown in Fig. 2,
and the location of all radiators in each room of the house is shown by
the broken line rectangles in Figs. 3 and 4.

The amount of radiation installed in each room was based on a
heat emission rate of 200 B.t.u. per sq. ft. of equivalent direct radia-

One
Pipe
Re-
turn
Fit-

tings
Num-

her

2

2

1

1

2
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tion with a mean water temperature of 195 deg. F. and a 10-deg. F.
drop through the radiator, and was just sufficient to offset the calcu-
lated heat loss at an outdoor temperature of -10 deg. F. with the
circulator operating continuously. In selecting the radiators the rating
of 1.6 sq. ft. E.D.R. per section of free standing radiation, as listed in
the manufacturers catalog, was reduced by 12.5 per cent in order to
compensate for the anticipated reduction in heat output of the radia-
tors when installed in recesses. The radiator installed in the basement
was arbitrarily made large enough to offset only one-half of the calcu-
lated heat loss on the assumption that some heat would be available
from the boiler jacket, smoke pipe and basement piping. The size,
amount, and arrangement of the basement mains and piping used in
connection with the radiators are shown in Table 2 and Fig. 4. These
sizes were selected in accordance with existing standard practice.

Soon after putting the plant into operation it was discovered that
the basement radiator and 12 sections of radiation in the dining room
were not necessary. Accordingly the basement radiator and the
south radiator in the dining room were blanked off and were never
used in any of the subsequent tests. During the 1940-41 heating sea-
son it was observed that the S.W. bedroom was overheating and that
the living room had a tendency to underheat. To correct this condition
5 sections were removed from the S.W. bedroom radiator, and 2 sec-
tions were added to one of the radiators in the living room during the
summer of 1941. The heating system used in the 1941-42 season was
identical with that used during the previous season except for these
changes in the radiators in the S.W. bedroom and living room.

The cast-iron, hot-water boiler was composed of three 4-in. sec-
tions insulated on the front, back, sides, and top by a mineral wool
blanket 1 in. in thickness, and was completely enclosed with an
enameled sheet-metal jacket. All cracks around the base of the boiler
and between sections were sealed with asbestos cement to prevent
leakage of air into, or products of combustion out of, the boiler. The
boiler had a net I=B=R rating of 63 000 or a gross rating of 95 000
B.t.u. per hr. when fired at the rate of 1.0 gal. of oil per hr. The oil
burner was of the pressure atomizing, conversion type, and the re-
fractory combustion chamber was 11 in. wide by 12 in. long by 12%
in. high, inside dimensions. The system was equipped with a 1%-in.
circulator and an angle flow-control valve. The latter prevented cir-
culation of water through the system during off-periods of the cir-
culator.

The operation of the burner and circulator was regulated by means
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of a conventional set of controls consisting of a room thermostat, lo-
cated in the living room, an electric clock with a self-contained time
switch, a low-limit aquastat, a high-limit aquastat, a stack switch,
and a relay. The stack switch was connected in the burner circuit,
and served as a safety control in case of failure of the ignition or oil
supply. The room thermostat was of the heat-anticipating type, and
provision was made through the action of the clock and time switch to
reduce the temperature setting automatically at night and restore it
to normal in the morning. The direct-acting low-limit aquastat was
of the immersion type, and was located in the rear section of the boiler
approximately 26 in. above the bottom of the water leg. This aqua-
stat started the burner whenever the temperature of the water in the
boiler reached a prescribed minimum. The high-limit aquastat, at-
tached to the surface of the supply trunk immediately above the top
of the boiler, served as an additional safety control to prevent over-
heating the water in the boiler. The particular arrangement of the
controls used with each of the series of tests, and the resulting sequence
of operations, are described in Chapter III.

7. Testing Apparatus.-While the house was being constructed,
approximately 100 copper-constantan thermocouples made of No. 22
B and S gauge wire were permanently installed in the walls and ceil-
ings in order to measure temperatures at important points in the
structure under various operating conditions. At each of eight loca-
tions, one on each exposure of each story, nine thermocouples were
installed to provide for establishing complete temperature gradients
through the walls. Other thermocouples were installed in each recess to
measure the temperature of the inside and outside surfaces of the
sheathing directly back of the radiator. Another group of approxi-
mately 50 thermocouples provided for the measurement of air tempera-
tures at various levels in the center of each room, in the attic, and in
the basement. A fourth group made it possible to study the perform-
ance of the component parts of the heating system. Provision was made
for measuring the temperature of the water entering and leaving each
radiator, as well as the temperature of the water entering and
leaving the boiler.

A central switchboard was located in the basement, and all of the
thermocouples were connected to selector switches on this board. In
this way the electromotive force of each thermocouple could be read
quickly on a precision potentiometer used in connection with a highly
sensitive galvanometer. A ten-point recording potentiometer used in
connection with an auxiliary switchboard made it possible to obtain
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either instantaneous readings or continuous printed records of the
electromotive force given by the thermocouples in any selected group.

Provision for measuring the rate of flow of water in the mains, and
through each radiator in the heating system, was made by installing
sixteen elbow meters to be used in connection with a sensitive differ-
ential pressure gauge, or manometer.* Use is made of the principle that
a fluid flowing through an elbow creates a difference in pressure be-
tween one point on the inside radius and another point on the outside
radius of the elbow. This difference in pressure is a measure of the
rate of flow. This type of meter introduces no additional resistance to
the flow of water.

Recording thermometers were used to make continuous records of
the air temperatures in each of the six rooms, the outdoor air, and the
flue gas temperatures. Continuous records of the CO.2 in the flue gases
were obtained by means of a thermal-conductivity type recorder cali-
brated against an Orsat apparatus. The moisture content of the air
was measured by means of four humidity indicators, one recording
hygrometer, and one wet- and dry-bulb recorder which were checked
periodically with an aspirated psychrometer. Drafts were measured
by means of either inclined manometers or a recording draft gauge as
the occasion demanded. The electrical input to circulator and burner
motors was measured by means of integrating watt-hour meters read-
ing directly to 10 watt-hours. Self starting electric clocks were wired
into the burner and circulator motor circuits in such a way as to
indicate the total time of operation.

III. TEST PROCEDURE

8. General Procedures.-During all of the tests the operation of the
heating plant was controlled by a heat-anticipating thermostat located
30 in. above the floor in the living room. An oil burning rate of 1.1 gal.
per hr. was used. This rate was the minimum obtainable with a clean
fire and with a CO, content of the flue gases of not less than 8 per cent
at the smoke outlet of the boiler. The oil used weighed 7 lb. per gal.
and had a calorific value of 19 550 B.t.u. per lb.

The doors between rooms were open at all times. At 7:00 A.M.,
11:00 A.M., 3:00 P.M., 7:00 P.M. observations were recorded of the room
air temperatures as determined by the thermocouples located 3 in.,
30 in., and 60 in. above the floor and 3 in. below the ceiling. The air
temperature in the basement, the garage, and the attic, the relative

*"The Use of an Elbow in a Pipe Line for Determining the Rate of Flow in the Pipe."
Univ. of Ill. Eng. Exp. Sta. Bul. No. 289.
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humidity in the heated portion of the house, the temperature inside
and outside the sheathing back of each radiator, and the temperature
gradient through the walls of the house were also observed at these
times. Complete daily records were made of the operating time, the
number of cycles and the power consumption of the oil burner and
circulator, and the weight of oil consumed. Recording instruments
made continuous records of the stack temperature and draft, the COs,
the temperature of the water at the boiler outlet and return, the out-
door air temperature, the indoor relative humidity, and the air temper-
ature in each room 3 in. and 30 in. above the floor and 3 in. below the
ceiling. Other daily observations included the total amount of elec-
tricity, gas, and water used in the house, the number of occupants,
and general weather conditions.

Four principal series of tests were conducted. The operating con-
ditions and test procedures for each are given in connection with the
discussion of the respective test series. The procedure for all special
tests is presented in connection with the discussion of the respective
test results.

9. Series A.-Tests included in series A were conducted during the
heating season of 1940-41. The average room air temperature at the
30-in. level was maintained constant at approximately 72 deg. F. both
day and night. The wiring diagram of the arrangement of the control
system as used for the tests in series A is shown in Fig. 5. When heat
was required, both the oil burner and the circulator were started and
continued to operate until stopped by the room thermostat, unless the
period of operation was of sufficient duration to heat the boiler water
to a temperature of 200 deg. F., corresponding to the setting of the
high-limit aquastat. If this occurred, the high-limit aquastat would
stop the burner, but would permit the circulator to continue operating.

The low-limit aquastat was so connected electrically that it would
operate the burner independently of the room thermostat and circula-
tor at any time the temperature of the water in the boiler dropped
below 165 deg. F. The angle flow-control valve, located in the hot-
water supply pipe leaving the boiler, prevented any circulation of
water between the boiler and the radiators except while the circulator
was in operation. This method of control is in common usage, and is
necessary where the boiler is to be used both to heat the house and to
heat domestic hot water.

10. Series B.-Tests included in series B were also conducted
during the heating season of 1940-41. This series differed from series A
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only in that for series B the operation simulated that of a plant with-
out a flow-control valve or low-limit aquastat. Such a plant is adapted
to conditions under which no provision is made for heating water for
domestic purposes by means of the boiler. The low-limit aquastat,
shown in Fig. 5, was eliminated and the flow-control valve was locked
open so that it could not prevent the circulation of water in the heat-
ing system at any time. Under these conditions the radiators could
continue to cool all of the water in the system as long as sufficient
temperature difference persisted to effect any circulation by gravity,
and the temperature of the water in the boiler could vary anywhere
between that of the room and 200 deg. F. The operation of the burner
and circulator was controlled by the room thermostat alone.

11. Series C.-Tests included in series C were conducted during the
heating season of 1941-42. The same heating system was used in
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series A, B, and C, except that for series C the changes indicated in
Section 6 were made in the amount of installed radiation in the living
room and S.W. bedroom.- The test procedure for series C was identical
with that for series A, except that the setting of the room thermostat
was reduced to 66 deg. F. at 10:00 P.M. and restored to 72 deg. F. at
5:30 A.M.

12. Series D.-Tests included in series D were conducted during the
heating season of 1941-42, making use of the same heating system as
that used for series C, operated without the flow-control valve and
low-limit aquastat as in series B. The test procedure also was the same
as that for series B, except that the setting of the room thermostat
was reduced to 66 deg. F. at 10:00 P.M. and restored to 72 deg. F. at
5:30 A.M.

IV. FUEL CONSUMPTION AND OPERATING CYCLES

13. With and Without Flow-Control Valve and Low-Limit Aqua-
stat.-A comparison of the burner performance curves for series A and
B, shown in Fig. 6a, indicates that in mild weather, or at low indoor-
outdoor temperature differences, operation on series A, with the low-
limit aquastat and the flow-control valve operative, resulted in in-
creased burner operating time, burner power, and fuel consumption.
These increases were accompanied by higher flue gas temperatures and
larger heat losses from the chimney gases resulting from increased
burner operating time occasioned by the higher average boiler water
temperature maintained in mild weather in series A as compared with
that maintained in series B, for which the system was operated with-
out a low-limit aquastat and flow-control valve. The increase in fuel
consumption is further discussed in Section 26. As the indoor-outdoor
temperature difference became larger, the average boiler water temper-
ature for series B automatically approached that for series A as a
result of the more frequent burner operation required to maintain the
normal room temperature of 72 deg. F. At approximately 70 deg. F.
indoor-outdoor temperature difference, the curves for series A became
tangent to those for series B, and at all temperature differences above
this the operating characteristics for both series were the same. This
indicated that for indoor-outdoor temperature differences above 70
deg. F. the amount of burner operation required in series A to maintain
normal room temperature was sufficient to maintain a minimum water
temperature of approximately 165 deg. F. in the boiler at the location
of the aquastat. In milder weather the room thermostat did not oper-
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ate the burner over a long enough period to maintain the required
minimum water temperature in the boiler, and, as a result, in series A
the low-limit aquastat continued the operation of the burner for a
short time at the end of each cycle after the room temperature became
normal and the circulator ceased to operate. The excess in the amount
of fuel burned, power consumed, and time of burner operation shown
for series A over that shown for series B is the amount of each
required to maintain sufficient temperature in the boiler to make it
possible to use the latter as a means of heating water for domestic
purposes. Since the internal water heater was not connected to the
hot-water storage tank during these tests, the results do not include
any data on the standby loss from the storage tank, or on the require-
ments for the actual heating of water for domestic uses.

In Urbana, Illinois, the average outdoor temperature during the
heating season is approximately 38 deg. F. Hence, if the house tem-
perature is maintained at 72 deg. F. the average heating day is one in
which the indoor-outdoor temperature difference is 34 deg. F. The
average length of the heating season is 204 days. Comparisons based
on this temperature difference may be regarded as indicative of the
results to be secured from the entire heating season. From Fig. 6 it is
evident that 33.5 and 30 lb. of oil per 24 hr. were required in series A
and B, respectively, at an indoor-outdoor temperature difference of
34 deg. F., or, since the fuel oil used weighed 7 lb. per gal., operation
on series A required an additional % gal. of oil per average heating
day, or 102 gal. per heating season over that required for operation on
series B.

This increase in the fuel consumption is directly related to the
average temperature of the water in the boiler, and undoubtedly would
be affected by any changes in the setting of the low-limit aquastat.
It is possible that the results of further work now in progress will
prove that a setting of the aquastat lower than 165 deg. F. may be
sufficient to provide adequate hot water for domestic use, and in that
case some reduction in the fuel consumption over that shown for
series A may be expected. Furthermore, the excess amount of fuel re-
quired to operate the boiler so that it can be used to heat water for
domestic service may vary with the size of plant and the total load
on the boiler. Hence a figure representing the percentage fuel con-
sumption is of doubtful significance.

No significant difference existed in the number of burner operating
cycles required for series A and B except in very mild weather, in
which case a minimum of 9 cycles per day was required in series A
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in order to maintain a minimum boiler water temperature of approxi-
mately 165 deg. F. at the location of the aquastat.

As shown by the curves in Fig. 6b, at a given indoor-outdoor tem-
perature difference the circulator operating time, power, and number
of cycles were slightly less in series A than in series B. This condition
resulted from the fact that higher average radiator temperatures, and
consequently higher rates of heat input to the rooms, were obtained
during the on-periods of the circulator in series A than in series B.

14. Reduced Room Air Temperatures at Night.-Curves comparing
the burner performance for series A in which the house was main-
tained at a uniform temperature of 72 deg. F. 24 hr. per day, and
series C, in which the setting of the thermostat was reduced to 66 deg.
F. at 10:00 P.M. and restored to 72 deg. F. at 5:30 A.M., are shown in
Fig. 7a. With a given average outdoor temperature over a period of
24 hours any saving in fuel consumption resulting from reducing the
thermostat setting at night is brought about by the fact that the aver-
age indoor temperature, and therefore the average indoor-outdoor tem-
perature difference is reduced as compared with that existing when
the room air temperature is maintained at 72 deg. F. for 24 hours.
With a given heating system and house, the average indoor-outdoor
temperature difference for the 24 hours determines the heat loss from
the house irrespective as to whether this difference was obtained with
a constant indoor temperature for the 24 hours as in series A, or with
a variable one, as in series C. Hence these two series cannot be com-
pared on the basis of a 24-hr. average for the indoor-outdoor tempera-
ture difference as applied to both series, because at a given difference
the same fuel consumption would be obtained, and the result would
be one curve instead of two. In order to determine the fuel saving it
was necessary to make comparisons for days that had the same aver-
age outdoor temperature over the 24 hours, with the further condition
that the same indoor temperature was maintained during the daytime
for both series of tests. These conditions were satisfied by basing the
indoor-outdoor temperature differences for series C and D on the
average indoor temperature between 11:00 A.M. and 10:00 P.M. and
the average outdoor temperature for 24 hours, and for series A and B
on the 24-hr. averages for both the indoor and outdoor temperatures.
All of the curves in Figs. 7 and 8 have therefore been plotted on
this basis.

For both series A and C the heating system was equipped with a
low-limit aquastat and flow-control valve. Operation with the thermo-
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stat setting lowered to 66 deg. F. at night resulted in reductions in the
burner operating time, cycles of burner operation, burner power, and
fuel consumption throughout the complete range of outdoor tempera-
tures occurring during the tests. Savings effected at an indoor-outdoor
temperature difference of 34 deg. F. are also approximately repre-
sentative of seasonal savings. At an indoor-outdoor temperature dif-
ference of 34 deg. F. the actual saving in fuel amounted to 10.4 per cent.

At any given indoor-outdoor temperature difference occurring
within the range of weather conditions encountered, fewer cycles of
burner operation were obtained in series C than in series A. The great-
est difference in the number of cycles accompanied temperature differ-
ences of from 40 to 50 deg. F. With temperature differences of less
than 40 deg. F. the rate of cooling of the air in the house was such
that the thermostat would operate the burner not more than once or
twice during the night. When the indoor-outdoor temperature differ-
ence was greater than 50 deg. F. the rate of cooling increased, and
sufficient time was required to raise the air temperature to 72 deg. F.
in the morning so that the high-limit aquastat caused the burner to
cycle several times. As a result, the number of burner cycles in series C
approached that obtained in series A as the indoor-outdoor tempera-
ture difference became greater than 50 deg. F.

Figure 7b shows the circulator performance curves for series A and
C, plotted on the same basis as the burner performance curves in
Fig. 7a. At a 34 deg. F. indoor-outdoor temperature difference the oper-
ating time of the circulator was 5 per cent less for series C than it
was for series A. The curves in Fig. 7 indicate that, as the indoor-
outdoor temperature difference increased, an increase in the percentage
of fuel saving and circulator and burner operating time occurred.

Operating under the conditions of series C resulted in a slightly
greater reduction in the number of cycles of operation for the circu-
lator, than for the oil burner. By comparing the curves representing
the burner and circulator cycles for series C, in Fig. 7, it may be
observed that at all indoor-outdoor temperature differences two or
three more cycles of operation were obtained for the burner than for
the circulator. During the night, in order to keep the temperature of
the water in the boiler above that corresponding to the setting of the
low-limit aquastat, several operations of the burner were required at
low indoor-outdoor temperature differences, while no operation of the
circulator was necessary. On the other hand, at high temperature dif-
ferences, the time required in the morning to raise the indoor tempera-
ture from 66 deg. F. to 72 deg. F. was sufficient to allow the burner to
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cycle several times by action of the high-limit aquastat. During this
time, since the circulator was controlled only by the room thermostat,
it operated continuously.

Comparisons of the burner and circulator performances obtained
for series B with those obtained for series D are shown in Fig. 8.
During both of these series the heating system was operated with-
out the flow-control valve and low-limit aquastat, and for series D
the setting of the room thermostat was reduced at night.

The curves show that on days having an indoor-outdoor temper-
ature difference of 34 deg. F., or less, reducing the indoor temperature
at night resulted in no saving in the fuel used, or in the operating time
and power consumption for the burner and circulator. The fuel saving
indicated at an indoor-outdoor temperature difference of 34 deg. F.
is only approximately representative of the seasonal saving, and since
the curves do indicate some saving at indoor-outdoor temperature
differences greater than 45 deg. F., it is reasonable to assume that some
seasonal saving would be effected. However, since only a relatively
small portion of the total heating season is represented by indoor-
outdoor temperature differences greater than 45 deg. F., it is also
evident that in the case of operation without the flow-control valve
and low-limit aquastat in the system no material seasonal saving re-
sulted when the indoor temperature was reduced at night. On the other
hand, over the whole range of indoor-outdoor temperature differences,
a reduction in the number of operating cycles for both the burner and
the circulator was obtained. This reduction was approximately the
same as that exhibited by the results for series C as compared with
those for series A.

Over the whole range of outdoor temperatures, the time required
to raise the average house temperature from 66 deg. F. to 72 deg. F., as
shown in Fig. 9, was approximately 30 minutes less in series C than
it was in series D. In the discussion of water temperatures in Sec-
tion 16, it is shown that this reduction of 30 minutes in the time for
warming up in the morning is a direct result of the additional heat
stored in the water in the boiler when operating the system with a
flow-control valve and low-limit aquastat. The additional 30 minutes
of operation during the warming-up period in series D was almost
equal to the difference in total saving in burner operating time result-
ing from the reduction of indoor temperature at night in series C as
compared with series D, and was sufficient to account for the fact that
the saving effected in series D was less than that effected in series C.



ILLINOIS ENGINEERING EXPERIMENT STATION

*zoo ~^ . - - - - - -- - --

SSeries 0, wvitoit Fl/ow-Con'ro/ V/I/ve
160 oa.. ___ I- - - Q '**. -- erne/ Low-lirmif A cia'sf-a•~- -

/Z0 o _ _ _ ow-__. ___ Aq ___

go- o o •'**./20 ___ __ _______^ __ __ _____

Series C, wi/ 1 F/ow Con/rol-VX/7V' W
awd low-Zi7im/ Al7aslaf - 8 0 °

40

-/(/ U IU <U .-W
A veraqe Ouz' door Terpera't'/e,

/?7 deg.

40
dur/n'
F

so 0o 7,
Wcrnriwa-W Pr'f/oci',

FIG. 9. TIME REQUIRED FOR MORNING WARMING-UP PERIOD, SERIES C AND D

At an average indoor-outdoor temperature difference of 34 deg. F.,
the burner operating time and fuel consumption was approximately
the same in series B, C, and D.

V. WATER TEMPERATURES IN BOILER AND RADIATORS

15. With and Without Flow-Control Valve and Low-Limit Aqua-
stat.-Figures 10 and 11 show the temperature variations of the water
in the boiler and the radiators for a complete operating cycle repre-
sentative of series A and series B. In series A, water was circulated
through the heating system at a rate of about 13 gal. per min. during
the time of circulator operation. When the circulator was not oper-
ating, the flow-control valve prevented any circulation of water taking
place between the boiler and the radiators. As indicated by the curves
in Fig. 10, the water in the boiler was still hot at the end of the off-
period, while that remaining in the piping and radiators had cooled
down to approximately 90 or 95 deg. F., depending on the length of
the off-period. When the room thermostat closed the circuit the circu-
lator and burner were started simultaneously. Within the time of one
minute the hot water which was stored in the boiler was distributed
to the radiators in the house, quickly supplying heat to prevent further
cooling of the rooms. At the same time, the cooler water contained in
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the piping and radiators during the off-period was returned to the
boiler to be reheated. After the first surge of heat from the water
stored in the boiler had been expended, the water entering the radia-
tors dropped in temperature owing to the fact that the burner, during
the interim, could not heat the returned water to a temperature as
high as that of the water originally stored in the boiler at the start
of the on-period. The period represented by decreasing temperature
of the water entering the radiators continued until all of the water
contained in the piping and radiators during the off-period had passed
through the boiler. After the period of dropping temperature, and ex-
tending throughout the rest of the on-period, there was a gradual in-
crease in the temperature of both the water in the boiler and that
supplied to the radiators, since the burner supplied heat to the water
in the boiler more rapidly than it was removed from that in the piping
and radiators.

In 13% minutes the room thermostat stopped the circulator. At this
time the average water temperature in the boiler was only 130 deg. F.,
and the low-limit aquastat continued to operate the burner for an ad-
ditional 3% minutes, heating the boiler water to approximately 175
deg. F., or 10 deg. F. above the aquastat setting. During the off-period
of the circulator, with the flow-control valve in the system, the water
in the radiators and uninsulated piping cooled about 40 deg. F., while
that in the insulated boiler dropped approximately 10 deg. F.

As shown in Fig. 11 the variations in water temperature when
operating on series B, without the flow-control valve and low-limit
aquastat, were somewhat different. In this case the boiler and radia-
tors cooled at about the same rate during the off-period, since there
was nothing to prevent water circulation by gravity action. When the
rooms required heat, the burner and circulator were started simultane-
ously by the thermostat, and a gradual increase in water temperatures
followed. After 14% minutes of operation the room thermostat stopped
both the circulator and the burner, even though the temperature of
the water in the boiler averaged only about 118 deg. F. As a result of
heat absorbed, largely from the residual heat stored in the refractory
fire box, the temperature of the water leaving the boiler continued to
rise from 123 deg. F. at the time the burner shut off to 131 deg. F. some
9 or 10 minutes later. During the time of circulator operation, the
water was forced through the heating system at a rate of 13 gal. per
min., the same rate as in series A. When the circulator was not run-
ning some gravity circulation of water occurred, but at a rate too
low to measure.
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16. Reduced Room Air Temperatures at Night.-The same charac-
teristic differences in the temperature cycles for the water in the boiler
and the radiators obtained in series A and B, and shown in Figs. 10
and 11, were also obtained when the air temperature was reduced at
night and the system operated with and without flow-control valve in
series C and D respectively.

When the thermostat setting was reduced at night there was always
a long off-period following the time at which the change was made.
With the flow-control valve and low-limit aquastat in the system,
series C, the water in the radiators and uninsulated piping cooled to
room temperature during this long off-period, while that in the boiler
cooled at an average rate of about 10 deg. F. per hr. until the tem-
perature was approximately 165 deg. F. at the location of the low-
limit aquastat. When this occurred, the burner operated for a sufficient
length of time to raise the temperature of the water in the boiler to
approximately 175 deg. F.

When operating without the flow-control valve and low-limit aqua-
stat in series D, the water in the entire system cooled to room tempera-
ture during the long off-period following the reduction of the thermo-
stat setting. The rate at which the air in the house cooled at night was
such that, for the average winter day, the thermostat would not start
the burner during the entire period of from 10:00 P.M. to 5:30 A.M.
Under these conditions, in both series C and D, at the start of the
morning warming-up cycle the temperature of the water in the radia-
tors and piping was about the same as the indoor air temperature. In
series D the water in the boiler also had cooled to room temperature,
while in series C it could never cool below approximately 165 deg. F.

For both methods of operation, with and without flow-control valve
and low-limit aquastat, the curves in Fig. 12 show the variations in
temperature of the water at the outlet and inlet connections of the
boiler during the entire warming-up period occurring after the thermo-
stat had been reset to 72 deg. F. The outdoor temperature was ap-
proximately 42 deg. F. at 6:00 A.M. in both cases. The effect of the
presence of the hot water in the boiler at the start of the warming-up
period in series C is shown by the full-line curves. The temperature of
the water at the boiler outlet was 158 deg. F. during the first 4 minutes
of the period, then it dropped rapidly to about 108 deg. F., and then
gradually increased until it attained a value of 203 deg. F. at the end
of 85 minutes. At this time the indoor air temperature reached 72 deg.
F. and the room thermostat stopped both the burner and the circulator.
For series D, when the outdoor temperature was 42 deg. F., the tem-
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FIG. 12. BOILER WATER TEMPERATURES DURING WARMING-UP
PERIOD, SERIES C AND D

perature of the water at the boiler outlet, represented by the upper
broken line, was only 68 deg. F. at the start of the warming-up period.
This temperature steadily increased until it reached 204 deg. F. at
97 minutes after the start of the period. At this time the high-limit
aquastat stopped the burner, but not the circulator. The outlet water
then cooled to 180 deg. F., and at this time the burner was restarted
and continued to operate for the remainder of the warming-up period.
In series D the time required to raise the indoor air temperature to
72 deg. F. was 121 minutes, or 36 minutes longer than that required
with operation on series C at the same outdoor temperature.

Over the total time of the warming-up period, the heat released in
the house by the radiators and piping is directly proportional to the
area between the portions of the inlet and outlet boiler water tempera-
ture curves. Since the rate of circulation of the water through the
heating system during the on-periods of the circulator was the same in
both series, the proportionality factor would also be the same, and
the heat releases for the two series can be directly compared by com-
paring areas included between the respective inlet and outlet tempera-
ture curves. Over the total time included in the warming-up period
for each series, there is less than 2 per cent difference between the
total areas obtained from the inlet and outlet water temperature
curves representing series C and those representing series D. This in-
dicates that, at the given outdoor temperature, the same quantity of
heat was supplied to the house during the warming-up period by both
methods of operation. However, in series D not only the water in the
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FIG. 13. AVERAGE TEMPERATURE OF WATER ENTERING AND LEAVING BOILER
AT END OF CIRCULATOR ON-PERIOD, SERIES A

radiators and piping, but also the boiler castings, refractories, and the
water in the boiler cooled to room temperature at night. As a result,
during the additional 36 minutes required to bring the air tempera-
ture to 72 deg. F., the burner operated 22 minutes in order to supply
the extra heat necessary to bring the boiler castings, refractories, and
the water in the boiler back to normal temperature in the morning.
Since, at a given outdoor temperature, the same amount of heat was
supplied to the house during the warming-up period for both series C
and D, but 22 minutes more of burner operation were required for
series D than for series C, it seems evident that a lower overall house
efficiency was obtained in series D than in series C. Part of the heat
represented by the 22 minutes of additional burner operation was used
to bring the boiler casting, refractories, and the water in the boiler
back to normal temperature, and the remainder appeared as increased
chimney losses resulting from the higher flue gas temperatures ac-
companying the longer period of burner operation occurring in series D.

17. Relation Between Size of Radiators and Water Temperature.-
The curves in Fig. 13 show the water temperatures obtained at the
outlet and return connections of the boiler for operation with series A.
Just sufficient radiation was installed in the house to offset the calcu-
lated heat loss at an outdoor temperature of -10 deg. F. when the
radiators were constantly supplied with water entering at 200 deg. F.
and leaving at 190 deg. F. Under these conditions the temperature of
the water leaving the boiler would be somewhat higher than 200 deg. F.,
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and the circulator would operate continuously. By extrapolating the
water temperature curves in Fig. 13 it may be observed that, when the
indoor-outdoor temperature difference was 80 deg. F. the temperature
of the water leaving the boiler was not greater than 175 deg. F., or
approximately 30 deg. F. lower than that selected for the design of the
system. By a similar extrapolation of the circulator operating time
curve, shown in Fig. 6, a total operating time of only 12 hr. per day
instead of 24 was obtained when the indoor-outdoor temperature
difference was 80 deg. F. This seems to indicate that the radiators
were considerably oversized for the house. In Section 26 it is shown
that the actual heat loss from the house, including the basement, was
44 per cent greater than the calculated heat loss excluding the base-
ment. It is further shown that only about one half the heat required
to offset the actual heat loss from the house at the design temperature
was supplied by the radiators. The balance was supplied from sources
of heat other than the radiators. These sources consisted of the lights,
the occupants, the power used, the supply mains and risers. In ad-
dition, some heat was regained from the chimney and the boiler and
smoke pipe.

VI. RooM TEMPERATURE CONDITIONS

18. Variations Between Rooms.-The maximum difference between
the average temperatures of the air at the 30-in. level in any two rooms
was 1.1 deg. F., while the maximum differences observed on the first
and second stories separately were 0.7 deg. F. and 1.1 deg. F. respec-
tively. During the 1941-42 season the average temperature on the
second story was about 0.3 deg. F. lower than that on the first story.
The method of operating the heating system had no material effect
upon the temperature variation between the rooms.

19. Variations Within Rooms, With and Without Flow-Control
Valve and Low-Limit Aquastat.-There was some possibility that the
elimination of the flow-control valve might cause overruns in the air
temperatures within the house, but that this was not the case is indi-
cated by the data given in Table 3. The values given in this table
represent the conditions which existed in the living room, but they are
also representative of the conditions in the other rooms of the house.
A difference of only 0.5 deg. F. between the maximum and minimum
air temperatures at the 30-in. level was obtained during a cycle of
operation. The maximum variation at any level during a cycle was
only 0.9 deg. F., and this occurred near the ceiling. These values are
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TABLE 3
TEMPERATURE OF AIR IN LIVING RooM* FOR SERIES B

Location

Ceiling

30-in. level

Floor

Difference, Ceiling-Floor

Maximum
Temperature

deg. F.

72.9

71.3

69.8

3.1

Minimum Difference
Temperature Difference

deg. F. deg. F.

73.8 0.9

71.8 0.5

70.6 0.8

3.2

*Approximate outdoor temperature = 40 deg. F.

all well within the limits of control to be expected from the average
room thermostat available today.

Two reasons may be assigned to explain why an overrun did not
occur when operating under the conditions existing in series B: (1) For
given outdoor temperatures above zero deg. F., the average water
temperatures in the radiators were lower in series B than they were
in series A, and, therefore, the rate of heat output was more nearly
equal to the rate of heat loss from the house in series B than it was
in series A. For given outdoor temperatures below zero deg. F. the
water temperatures and rates of heat output were approximately the
same for both series. (2) The boiler used in these tests had a water
capacity of 13.5 gallons, while the radiators and piping had one of
approximately 38 gallons. With either method of operation, the heat
contained in the 38 gallons of water in the piping and the radiators,
at the time the room thermostat stopped the circulator, was released
to the house during the off-periods. Thus, the only additional heat re-
leased during the off-periods in series B, over that released in series A,
was the heat contained in the 13.5 gallons of water in the boiler and
that which the water could absorb from the heated boiler and setting.

The average differences in temperature between the air at the 30-in.
level and that 3 in. above the floor, 60 in. above the floor, and 3 in.
below the ceiling are shown plotted against the indoor-outdoor tem-
perature difference in Fig. 14. In all cases the air at the 30-in. level was
maintained constant at 72 deg. F. during the 24 hours of the day. The
temperature difference from floor to ceiling increased with descreasing
outdoor air temperatures, and the method of operating the plant had
no material effect on these differences. In the coldest weather experi-
enced, a difference of only approximately 4.5 deg. F. was observed
between the average temperature of the air 3 in. above the floor and
that 3 in. below the ceiling.
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FiG. 14. INDOOR AIR TEMPERATURE DIFFERENTIALS, SERIES A AND B

20. Variations Within Rooms, With Reduced Indoor Temperature
at Night.-The indoor air temperature differentials obtained with
series C, operating with reduced indoor air temperature at night, and
series A, operating with a constant indoor air temperature of 72 deg. F.
maintained for 24 hours, are shown in Fig. 15. The temperature dif-
ferentials were based on the averages of the temperatures in all the
rooms. For the purpose of determining whether the reduction of indoor
temperature at night and the subsequent morning pickup in series C
had any effect on the indoor air temperature differentials obtained
with normal day time operation, only the temperatures prevailing
during the period over which the house was maintained at 72 deg. F.
were considered as having any significance. Hence, for series C in
Fig. 15, the room temperature differentials obtained from the average
indoor temperatures from 11:00 A.M. to 10:00 P.M. for a given day were
plotted against the indoor-outdoor temperature differences obtained by
subtracting the average temperature at the 30-in. level between the
hours of 11:00 A.M. and 10:00 P.M. from the average outdoor tempera-
ture for the 24 hours. From Fig. 15 it may be observed that the reduc-
tion in the indoor temperature at night in series C had no significant
effect on the indoor air temperature differentials.
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FIG. 15. INDOOR AIR TEMPERATURE DIFFERENTIALS, SERIES A AND C

At all indoor-outdoor temperature differences the temperature at
the floor was about 0.3 deg. F. lower in series C than in series A.
Between the running of series A and C two sections were added to
one of the radiators in the living room and five sections were removed
from the radiator in the S.W. bedroom. After these changes were made
in the plant, a few check tests, run under the conditions of series A,
indicated that the slight change in the temperature of the air at the
floor should be attributed to causes other than effects resulting from
the reduction in room air temperature at night. The curves shown in
Fig. 15 also proved to be characteristic of the operation without the
flow-control valve and low-limit aquastat in series B and D.

A typical graphic log showing air temperature variations and times
of burner and circulator operation in the Research Home when oper-
ating with reduced indoor temperatures at night is presented in Fig. 16.
At 10:00 P.M. the thermostat was set at 66 deg. F. From 10:00 P.M. to
12:30 A.M. neither the burner nor the circulator operated, while the
air temperature at the 30-in. level decreased from 72 deg. F. to 66 deg.
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FIG. 16. GRAPHIC LOG FOR OPERATION WITH REDUCED INDOOR

TEMPERATURES AT NIGHT, SERIES C

F. From 12:30 A.M. to 5:30 A.M. the burner and circulator operated
intermittently to maintain the air temperature at 66 deg. F. At the
latter time the thermostat was set at 72 deg. F., and the burner and
circulator started. The circulator operated continuously for 2.5 hours
and during this time the house temperature increased from 66 deg.
F. to 72 deg. F. In the course of this 2.5-hr. warming-up period
the oil burner operated continuously for the first 75 minutes, and the
temperature of the water in the system increased until the high-limit
aquastat stopped the burner. In about 10 minutes the water cooled
enough to permit the aquastat to start the burner again and then,
under control of the high-limit aquastat, the burner operated inter-
mittently until the end of the 2.5-hr. warming-up period.

The air temperatures for both the dining room and the living room
have been included in Fig. 16 since the overruns in temperature ob-
tained in these two rooms during the warming-up period were the maxi-
mum and minimum observed in any of the rooms of the house. At the
end of the warming-up period at 8:00 A.M., the temperature at the
30-in. level was just 72 deg. F. in both the dining room and the living
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FIG. 17. RATE OF COOLING IN LIVING ROOM

room. At the same time, the temperature of the air 3 in. below the
ceiling in the dining room reached a maximum of 81 deg. F., while
that in the living room attained a maximum of only 77 deg. F. On the
other hand the temperature of the air 3 in. above the floor in the
dining room was 68 deg. F. and that in the living room was 69 deg. F.
Thus it is evident that, while some overrun was exhibited in the tem-
perature of the air 3 in. below the ceiling when the burner and circu-
lator were stopped at the end of the warming-up period, no overrun
in temperature occurred at the control level, 30 in. above the floor.

After the warming-up period, the natural circulation of air tended
to equalize the air temperature at the different levels, decreasing the
temperature of the air at the ceiling and slightly increasing the tem-
perature at the floor and control levels, so that by about 10:00 A.M.
the normal temperature differentials had been established in the rooms.
Records similar to those shown in Fig. 16 were made of the tempera-
ture variations in each room of the house. These records indicated that
there was a rough correlation between the amount of overrun in the
temperature of the air near the ceiling and the ratio of the room
volume to the amount of radiation installed. As this ratio increased the
amount of overrun decreased.

After changing the setting of the thermostat from 72 deg. F. to
66 deg. F. at night, the rate at which the temperature of the air in the
rooms dropped was primarily dependent upon the outdoor temperature
prevailing during the cooling period. The average rate of temperature
drop for the living room, which is also representative of that for the
house as a whole, is shown in Fig. 17. An indoor temperature of 66 deg.
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F. was never attained during the 7.5 hours between 10:00 P.M. and
5:30 A.M. unless the average cooling rate was equal to or greater than
6/7.5, or 0.8 deg. F. per hr. From Fig. 17 it may be observed that
this occurred only when the average outdoor temperature at night
was 39.5 deg. F. or less. It is therefore evident that at outdoor temper-
atures above 39.5 deg. F., setting the thermostat back more than 6 deg.
F. would not result in any additional saving in fuel over that which
could be obtained by the 6-deg. F. setback.

The cooling rate is a function of house construction and the indoor-
outdoor temperature difference, and the total fuel saving that can be
effected by operating with reduced indoor air temperatures at night
is largely a function of three factors: (1) The number of degrees the
thermostat is set back at night, (2) the number of hours of operation
on reduced temperature at night, and (3) the rate at which the house
cools. Taking into consideration the length of time required to warm
the house in the morning and the time required to overcome the effect
of cold walls and furniture, it is probable that, except in the most
severe climates, the practical limits for night setback of the thermo-
stat lie somewhere between 6 and 10* deg. F.

VII. RADIATOR LOCATIONS RELATIVE TO EXPOSED AND WARM WALLS

21. General Statement.-In order to determine whether the location
and arrangement of the radiators had any effect on the comfort con-
ditions maintained within a heated room, a series of tests was run in
which five different locations and arrangements of radiators were used
in the living room. In three of the installations single radiators con-
sisting of 24 sections of 19-in. 4-tube, small-tube type radiation were
used. In the other two installations the same amount and type of radi-
ation was divided into two 12-section radiators. When the radiator was
changed to the inside wall in the living room, corresponding changes
were made in the location of those in the dining room and kitchen in
order to minimize differences between rooms. With each of the radiator
locations and arrangements the test procedure and method of opera-
tion was the same as those for series B, described in Section 10. In
addition to the routine readings with each radiator installation, smoke
studies were made in the living room in order to determine the nature
of the air movement.

22. Room Temperature Gradients.-Figure 18 shows the location
and arrangement of the radiators used in each of the five installations

*"Investigation of Oil-Fired Forced-Air Furnace Systems in the Research Residence," Univ.
of Ill. Eng. Exp. Sta. Bul. No. 318, pp. 49-57.
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FIG. 18. AIR TEMPERATURE GRADIENT IN LIVING RooM
WITH FIVE DIFFERENT RADIATOR INSTALLATIONS

tested and the air temperature gradient obtained in the living room
with each installation. These curves indicate that with a given radia-
tor location, similar temperature gradients were obtained within the
room with both the free-standing and recessed arrangements. All five
of the radiator installations produced approximately the same temper-
ature gradient in the living zone, or that portion of the room below
the 60-in. level. However, at the floor and at the 60-in. level slightly
higher and lower temperatures, respectively, were obtained with the re-
cessed radiators under the windows than were obtained with the other
installations.

The lowest ceiling temperature, approximately 74.5 deg. F., resulted
when the radiators were placed under the windows in position A,
slightly more than 76 deg. F. was obtained when they were located
adjacent to the walls in positions B or C. Normally, high temperatures
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at the ceiling have little bearing upon the comfort of occupants, but
they do result in higher heat losses from the structure, particularly in
the case of rooms having ceilings exposed to the outdoors or to un-
heated attic spaces.

The temperature gradients shown in Fig. 18 were obtained for days
when the average outdoor temperature was approximately 30 deg. F.
These curves are also characteristic of those obtained for colder
weather, but in the later case the gradients were steeper and the dif-
ferences in the temperatures produced by the various installations were
accentuated. At an outdoor temperature of 15 deg. F. the temperatures
at the floor were approximately 1 deg. F. lower and the temperatures
at the ceiling were from 1 to 1.5 deg. F. higher than those shown in
Fig. 18.

23. Air Movement.-From the consideration of temperature gradi-
ents, it would appear that just as good operating results may be ob-
tained from a radiator located along an inside wall as were obtained
from one located in any other position except under a window. How-
ever, since both dry-bulb temperature and air movement are factors
influencing comfort conditions, the use of air temperature gradients
alone as a basis for comparing the performance of different radiator
installations -in a given room may be misleading. Smoke studies, there-
fore, were made in the living room to determine the amount and di-
rection of the air movement resulting from the use of each of the five
radiator installations. Results are shown by the diagrams in Fig. 19.
These diagrams show the locations in which high or critical air veloci-
ties occurred, and the numbers indicate the magnitudes of the ve-
locities in ft. per min.

When the radiators were located at A or B, along the exposed wall,
cool air from the vestibule and stairway entered the room and the
main current moved in a large arc through the middle of the room
towards the unexposed wall and archway between the living room
and dining room. The maximum velocity was approximately 25 ft.
per min. When the two radiators were located in the positions shown
as A, up currents of heated air from the radiators intercepted any
down currents of cold air from the windows and thus prevented cold
drafts across the floor. At the same time the cold air coming down over
the windows mixed with the heated air rising from the radiators and
thus lowered the temperature of the air traveling towards the ceiling.
As a result the temperature of the air at the ceiling was moderated.
Since even in very cold weather, the temperature of the inside surface
of exposed walls was only about 3 deg. F. lower than that of the air
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in the room there was no flow of cold air down these walls and across
the floor.

When the two small radiators, located under the windows at A,
were replaced by a single radiator located between the windows at B,
the air currents across the floor of the room remained practically the
same, except for a slight movement of cool air from the windows
toward the center of the room. The greater part of the cool air from
the windows, however, was drawn directly into the radiator. In the
absence of a window or other cold surface above the radiator the
heated air rose to the ceiling, resulting in comparatively high tempera-
ture, as shown in Fig. 18. It then settled uniformly throughout the
room. No objectionable drafts were observed at any time during the
operation of the heating system with the radiators located at either
A or B, along the exposed wall.

A marked increase in the movement of air over the floor was ob-
served as soon as the radiator was placed along the inside wall at
position C. In this case the main air current originating in the vesti-
bule and at the stairway was augmented by cold air from the windows
and exposed walls. Air velocities across the floor as high as 35 ft. per
min. were observed. Under these conditions, cold drafts were notice-
able around the ankles and the room was less comfortable than it was
when the radiators were located along the exposed wall, in spite of the
fact that the temperature of the air at the floor remained unchanged
at 69 deg. F.

Increasing the velocity of 69 deg. F. air from 20 ft. per min. to
35 ft. per min. lowers the effective temperature* by approximately
one-half degree. With a given air movement this is equivalent to lower-
ing the dry-bulb temperature 1.5 deg. F., or from 69 deg. F. to 67.5
deg. F. Such a change is of sufficient magnitude as to be distinctly
noticeable, particularly when occurring near the lower limit of comfort.

On studying the air currents in vertical sections of the room it was
observed that the maximum air currents all occurred within a distance
of one foot from the walls, floor, and ceiling. Thus, from the standpoint
of comfort, the most significant air movement was that which took
place across the floor.

VIII. PERFORMANCE CHARACTERISTICS OF HOUSE

24. Wall Temperature Gradients.-By means of thermocouples
located in the walls, as shown in section "B-B", Fig. 3, it was pos-
sible to obtain the temperature gradient through the north wall on a

*For a discussion of the implications of effective temperature see Chapter 2 of the American
Society of Heating and Ventilating Engineers Guide for 1942.
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FIG. 20. TYPICAL TEMPERATURE GRADIENT THROUGH NORTH WALL

day when the outdoor temperature averaged 10 deg. F. On the as-
sumption that a condition of steady flow of heat through the wall
exists in this case, an assumption consistent with those made in the
calculation of heat losses from buildings, Fig. 20 offers a means of
comparing the actual insulating value of any of the building materials
used in the wall with the theoretical value. The insulating value of any
given construction may be expressed in terms of thickness of an hypo-
thetical characteristic insulation having the same conductivity as that
of combined mineral wool and wood studs that would be required to
have a resistance to heat flow equal to that of the given construction.
If the observed temperature drops are accepted as being representa-
tive of the actual conductances of the corresponding constructions, and
the drop through the 3%-in. combined mineral wool and studs is used
as a base, then the insulating values computed from the ratios of the

J
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TABLE 4

EQUIVALENT INSULATING VALUES OF MATERIALS AS USED IN
WALLS IN RESEARCH HOME

Arrangement of
Materials as

Used in
Walls

1

4-in. brick

h-in. air spacet

2i 2-in. wood sheathing

3%-in. combined mineral
wool and wood studs

%-in. rock lath and plaster

9.66-in. wall as constructed

Conductance
for

Construction
Stated in

Col. 1
C

2

2.30

1.10

1.02

0.089:

4.40

0.079

Observed
Temperature

Drops Through
Construction

deg. F.
AT

3

2.0

4.5

2.7

47.3

0.4

56.9

Thickness of Characteristic
Insulation* Equivalent to

Construction in Col. 1
in inches

Based on C

4

0.141

0.295

0.318

3.625

0.074

4.114

Based on AT

5

0.153

0.345

0.207

3.625

0.031

4.360

*Characteristic insulation assumed as one having a conductivity of 0.325 conforming with con-
ductivity of combined mineral wool and wood studs.

tNot included in computed conductance for wall as constructed.
tConductivity of combined mineral wool and wood studs = 0.325.

different temperature drops to the base drop may be defined as actual
insulating values. Those computed from the ratios of the commonly-
accepted nominal values of the conductances may be defined as theo-
retical insulating values. Table 4 shows equivalent insulating values
computed by both methods. Column 4 gives the insulating values
which would be equivalent to each of the constructions listed in Col-
umn 1. These values are based on nominal conductance values, C,
given in Column 2. Column 5 gives the actual thickness of the char-
acteristic insulation equivalent to the same constructions, based on the
observed temperature drops given in Column 3. The actual and theo-
retical thicknesses were in close agreement for the brick, the insulated
studding space, and the total wall. Some disagreement was exhibited in
the cases of the air space, the sheathing, and the rock lath and plaster.
These discrepancies can probably be accounted for by deviations in the
actual physical dimensions and moisture contents from those assumed
for the computations. Following common practice, no air space between
the brick and sheathing was allowed for in the computation of the
overall conductance for the wall. However, the data indicate that in
the actual wall sufficient benefit was derived from the space between
the brick and the sheathing to offset the deficiencies shown in the
cases of the sheathing and the lath and plaster, so that the actual and
the theoretical insulating values for the total wall were in close
agreement.
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FIG. 21. TEMPERATURE VARIATIONS IN NORTH WALL DURING A 24-HouR TEST PERIOD

Figure 21 shows the variations over a period of a day in the tem-
peratures observed in a cross-section of the north wall of the house.
Over the period of a daily cycle the temperature of inside surfaces
remained practically constant irrespective of the changes occurring in
the outdoor temperature and in the temperature of the outer layers of
the wall.

Figure 22 shows the observed temperatures of the air at the 60-in.
level in the living room, and of the inside surface of the north exposed
wall at the same level, plotted against the indoor-outdoor temperature
difference. Curves showing calculated temperatures of the inside sur-
faces of the actual insulated wall and a similar wall without insulation
are also included. It may be observed that the actual temperature of
the inside surface of the exposed wall decreased somewhat as the out-
door temperature decreased, and that at an indoor-outdoor tempera-
ture difference of 72 deg. F., corresponding to an average outdoor
temperature of zero, it was only 3.8 deg. F. lower than that of the air
in the room. Furthermore, a very close agreement was obtained be-
tween the observed and calculated temperatures of the inside surface
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FIG. 22. AIR AND INSIDE WALL SURFACE TEMPERATURES IN LIVING ROOM

of the actual insulated wall. The curve of calculated temperatures for
the uninsulated wall shows the temperatures that might have been
expected if the insulation had been omitted from the walls of the
Research Home. Under these conditions, the probable temperature of
the inside surface in zero weather would have been 61.5 deg. F., or
12.2 deg. F. below the temperature of the air in the room. That is, the
presence of the insulation apparently increased the temperature of the
inside surface of the exposed wall an amount of the order of 8.5 deg. F.
From the standpoint of comfort, the higher temperature of the inside
surface of the insulated wall is of considerable significance in that it
reduced the amount of heat lost from the body by radiation. Further-
more, it tended to minimize the floor-to-ceiling temperature difference,
and thus minimize any tendency for cold floors brought about by
downward currents of cold air resulting from the presence of cold wall
surfaces.

25. Heat Transmission Through Radiator Recesses.-Throughout
both heating seasons the temperatures of the inside and outside
surfaces of the sheathing directly back of the radiators in the dining
room and the S.W. bedroom were observed. These records are of inter-
est in that they show how the use of insulation in the radiator recesses
may affect the heat loss from the house. The details of each of the wall
sections used back of the radiator in these two rooms are given in
Table 5. In Fig. 23 the observed temperature drops through the sheath-
ing for each of the wall sections described in Table 5 are plotted
against the indoor-outdoor temperature differences. The method of
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TABLE 5

NORMAL WALL AND RADIATOR RECESS CONSTRUCTION

Normal Wall
Section

Lath and
plaster

Vapor barrier

3%-in. mineral
wool insula-
tion

Tih-in. wood
sheathing

15-lb. felt
building
paper

½-in. air space

Full brick

Wall Section Back of Radiator

Recessed Radiator

Dining Room

Number 1

%-in. wood
sheathing

15-lb. felt
building
paper

1-in. air space

Full brick

Number 2

Reflective
insulation

%-in. wood
sheathing

15-lb. felt
building
paper

1-in. air space

Full brick

South West Bedroom

Number 3

7J-in. wood
sheathing

2
%2-in. rigid

insulation

15-lb. felt
building
paper

}J-in. air
space

Full brick

Number 4

Reflective
insulation

%-in. wood
sheathing

25i-in. rigid
insulation

15-lb. felt
building
paper

}i-in. air
space

Full brick

Free Standing
Radiator

Dining Room

Number 5

Lath and plas-
ter equiva-
lent

3%-in. mineral
wool insula-
tion

Tj-in. wood
sheathing

15-lb. felt
building
paper

1-in. air space

Full brick

operating the heating plant had no apparent effect on these tempera-
ture drops. Since the conductance of the sheathing was the same in
each case, the ratio of the temperature drops through the sheathing for
any two sections is also representative of the ratio of the actual heat
transmission through the sections. Therefore, for any given indoor-
outdoor temperature difference, if the temperature drop through the
sheathing for any given recess is divided by the temperature drop
through the sheathing for the normal wall, a value which may be
designated as the actual heat transmission ratio for that recess is
obtained. This figure is also equivalent to the square feet of normal
wall required to transmit the same quantity of heat per hour as is
transmitted by one square foot of recess area. These actual heat trans-
mission ratios have been calculated for each recess, and are shown as
full-line curves in Fig. 24. The broken-line curves represent the ratio
of the calculated overall heat transmission coefficient for each recess or
wall section to that for the normal wall. The discrepancies between
values read from the full-line curves and those read from the cor-
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FIG. 24. HEAT TRANSMISSION RATES FOR RADIATOR RECESSES
COMPARED WITH THAT FOR NORMAL WALL

responding broken-line curves at given indoor-outdoor temperature
differences result from the fact that the temperature back of the
radiators was higher than that of the air in the room. The increase in
the actual heat transmission ratios as the indoor-outdoor temperature
difference increased was undoubtedly brought about by the fact that
the higher average radiator temperatures required as the weather
became colder resulted in greater differences between the temperatures
back of the radiators and that in the room.

It is evident from Fig. 24 that considerably more heat was lost
through an uninsulated recess than through a wall back of a free
standing radiator and that a large portion of this heat was saved by
adequate insulation of the recess. It is also of interest to observe that
reflective insulation on the surface of the recess was practically

/6

./4

to

4

2

/

0



ILLINOIS ENGINEERING EXPERIMENT STATION

~0

00

0

0i II

's c m

d00

00

0o.

- =x.

000
.00

*0 Ct) 0)

-30 S.

oo CO

oo

.g0

0, i f
C) a 0

0)'0.0

5 0000

III0



PERFORMANCE OF A HOT-WATER HEATING SYSTEM

equivalent to 2%2 in. of rigid insulation, and furthermore, that the
heat lost through a recess insulated with a combination of the reflective
and the rigid insulation was only slightly greater than that lost
through the fully insulated brick veneer wall back of a free standing
radiator.

Certain values read from the curves in Fig. 24 are of particular
significance from two standpoints. On one hand, since an indoor-out-
door temperature difference of 80 deg. F. corresponds to the design
temperature, values read at this temperature difference are directly
related to the amount of radiation and the size of the boiler required.
On the other hand, since an indoor-outdoor temperature difference of
34 deg. F. represents average winter weather in Urbana, Illinois, values
read at this temperature difference can be correlated with the seasonal
fuel consumption, and hence have a bearing on seasonal operating
costs.

In the original calculations for the heat loss from the house the
53.25 sq. ft. represented by the recesses were considered as normal wall
and no additional allowance was made for individual peculiarities in
the construction of the recesses themselves nor for the effect of the
presence of the radiator. Columns 5 and 6 in Table 6 show the increases
in total heat loss that would have occurred at indoor-outdoor tempera-
ture differences of 80 deg. F. and 34 deg. F., respectively, due to the
presence of the radiator and the type of wall construction, on the as-
sumption that in each case all of the radiators used were installed in
accordance with the designations in Column 1. The values in Columns
3 and 4 were read directly from the full-line curves in Fig. 24 at
indoor-outdoor temperature differences of 80 deg. F. and 34 deg. F.
The values in Columns 5 and 6 were then computed from the following
formula:

h=AUtd (R -1)

in which
h = increase in heat loss from house, B.t.u. per hr.

A = total area of recesses, (53.25) sq. ft.
U = overall heat transmission coefficient for normal wall, (0.074)

B.t.u. per hr. per sq. ft. per deg. F.
td = indoor-outdoor temperature difference, deg. F.
R = actual heat transmission ratio for the given recess, at the

temperature difference ta.

Column 7 shows the number of sections of 19-in., 4-tube, small-tube
type radiation which are equivalent to the additional' heat losses given
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in Column 5. It may be observed that, with recesses of the types
designated in Column 1, additional allowances of from 4 to 17 sections
would have to be made in the installed radiation in order to com-
pensate for the losses inherent in these recesses. Column 8 shows that
percentage increases of from 2.8 to 11.3 would have to be made in the
amount of radiation installed. The increase in the size of the boiler
would be even greater because of the additional piping and pick-up
allowances. The percentages given in Column 7, at an indoor-outdoor
temperature difference of 34 deg. F., are roughly correlated with the
probable increases in seasonal fuel consumption, and show that due
to the presence of the radiator and the type of wall construction,
increases ranging from 1.68 to 7.08 per cent might be expected in
operating costs with the different types of recesses.

The ratio of the actual heat transmission through a recess or a
wall back of a radiator to that through the normal wall, or the wall not
influenced by the presence of a radiator, is generally assumed to be
numerically equal to the ratio of the calculated heat transmission co-
efficient of the recess or wall back of the radiator to that of the normal
wall. This, however, is true only if the actual conditions of heat flow
and the actual details of the constructions exactly conform to those
assumed in the calculations for the heat transmission coefficients. In
making such calculations it is commonly assumed (1) that steady
flow actually exists, (2) that the air close to the wall has the same
temperature as that in the main body of the room, and (3) that the
inside surface of the wall is not subjected to radiation from any sources
at a temperature higher than that of the air in the room. In the case
of recesses, and walls back of radiators, subjected to cyclic action of
both indoor and outdoor temperatures, none of these conditions is
exactly satisfied. The heat flow is not steady, the temperature of the air
close to the surface of the wall is not the same as that in the main
body of the room, and the inside film coefficient is directly influenced
by the close proximity of the hot radiator.

In order to derive a general relation between the actual heat trans-
mission and the calculated values of the heat transmission coefficients,
U, for recesses and walls back of radiators the actual heat transmis-
sion ratios have been plotted against the ratios of coefficients of the
recesses, Ur, to the coefficients of the normal wall, Uw, as shown in
Fig. 25. These curves are probably sufficiently general to permit the
prediction of the approximate rate of heat transmission at the design
indoor-outdoor temperature difference of 80 deg. F. for different types
of recesses located in any given wall, and with mean water tempera-
tures of approximately 170 deg. F. in the radiators. It may be observed
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FIG. 25. RELATION BETWEEN ACTUAL HEAT TRANSMISSION RATES AND
CALCULATED OVERALL HEAT TRANSMISSION COEFFICIENTS

that the relation between the actual rate of heat transmission and the
calculated value of U was influenced by the nature of the surface
directly exposed to the heat from the radiator. When this surface was
covered with aluminum foil the actual rate of heat transmission with
a given value of U was approximately 18 per cent less than that
obtained when aluminum foil was not used. Apparently the close
proximity of the hot radiator had a less disturbing effect on the
accepted values of 'the inside film coefficient in the case of a reflective
surface than it did in the case of a non-reflective surface. Furthermore,
it should be emphasized that the actual rates of heat transmission
through walls back of radiators are much greater than the calculated
rates obtained by using an indoor-outdoor temperature difference in
connection with the commonly-accepted values of the overall heat
transmission coefficients.

26. Heat Utilization and Overall House Efficiency.-When a cen-
tral heating system is used in connection with an inside chimney, as
was done in the case of the Research Home, the only part of the total
heat input to the house that is not actually utilized in offsetting heat

/ndoor- Outdoor Tempera/ure -//ffernce = 80 deeg. F:
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losses is the heat lost in the chimney gases at the level of the upper
boundary of the heated space. This boundary usually consists of the
attic floor. One hundred times the ratio of total input minus the heat
appearing in the chimney gases at the level of the attic floor to the
total heat input has been defined as the "overall house efficiency."
This overall house efficiency is an index of the effectiveness of heat
utilization, and serves as a convenient basis in making comparisons
between different heating installations.

In order to determine the total heat input to the house daily records
were made of the pounds of oil used by the burner, the kilowatt hours
of electricity used in lights and power, the cubic feet of gas burned
in an auxiliary water heater and the man-hours of occupancy. The
heat equivalents used for all of these sources of energy were as follows:

Oil-19 550 B.t.u. per lb.
Electricity-3415 B.t.u. per kilowatt hr.
Gas-1000 B.t.u. per cu. ft.
People-500 B.t.u. per man hr. of occupancy.

It was assumed that all of the heat represented by the oil burned,
and the electricity used, and that supplied by the occupants was avail-
able as useful heat. The only appliance using gas was an auxiliary
water heater. This heater was connected to the outside chimney, and
it was estimated that 25 per cent of the total heat equivalent of the
gas used was lost in the flue gases. Hence, only 75 per cent of the heat
equivalent of the gas burned was considered available as useful heat.
The assumption relative to the availability of the heat generated by
the gas burned and the selection of 500 B.t.u. per man hr. as repre-
sentative of the degree of activity of the occupants are somewhat open
to question. However, the total amount of heat supplied by both of
these sources was relatively small, and even if deviations of as much
as 50 per cent from the assumed values occurred they would not cause
variations outside of the normal limits of experimental error in the
total amount of heat supplied.

The sum of the amounts of heat supplied to the house by electricity,
gas, and occupants is shown as curve No. 9 in Fig. 26. Curves Nos. 3
and 4 were derived from the fuel consumption curves in Fig. 6, and
show the heat inputs to the burner for series A and B respectively. The
total heat inputs to the house when ope:ating on series A and B were
obtained by adding values read from curve No. 9 at given indoor-
outdoor temperature differences to corresponding values read from
curves Nos. 3 and 4, respectively, and are shown as curves Nos. 1 and 2.

Under any condition the actual heat loss from the house is equal
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to the difference between the total heat input and the heat lost in the
chimney gases at the level of the attic floor. Since the actual heat loss
from the house is a function of only the indoor-outdoor temperature
difference and the type of construction, it is independent of the type
and method of operation of the heating system. Hence, a single curve
showing the relation between the actual heat loss from the house and
the indoor-outdoor temperature difference constitutes the characteristic
curve for the house. In order to establish such a curve it is not neces-
sary to use the results from more than one series of tests covering
one method of operation. For this purpose series B was selected as
being most adaptable to analysis.

The heat loss in the chimney gases during the on-period consisted
of the heat lost in the dry flue gases and that lost in water vapor
carried in by air and water vapor formed by the combustion of the
hydrogen in the fuel. During the off-period the loss consisted only of
the heat lost in the dry flue gases and in water vapor carried in by
air. The hourly heat losses in the dry gases and in water vapor for
series B are shown by curves Nos. 8 and 10, respectively, in Fig. 26,
and the sum, or the total hourly heat loss* in the chimney gases, is
shown by curve No. 7. In each case the curve represents the total of the
hourly losses for both the on- and the off-periods. Curve No. 5 shows
the actual heat loss from the house, and represents the difference be-
tween curves Nos. 7 and 2.

For series B, the overall house efficiency, or the ratio of the actual
heat loss from the house to the total heat input, as calculated from
curves Nos. 5 and 2, is shown by curve No. 11. Inasmuch as the actual
heat loss from the house remains the same for a given indoor-outdoor
temperature difference irrespective of the method of operating the
heating system, the overall house efficiency for any given method of
operation can be calculated from curve No. 5 and the curve showing
the total heat input to the house for that particular method of opera-
tion. The overall house efficien~cy for series A, calculated from curves
Nos. 5 and 1, is shown by curve No. 12.

It may be observed, as mentioned in Section 13, that the overall
house efficiency was lower in the case of series A than it was in the
case of series B. At the same time the chimney losses shown by curve
No. 6, obtained by difference from curves Nos. 5 and 1, were greater
for series A than they were for series B.

The calculated heat losses from the house, both including and
excluding the basement, are shown as isolated points in Fig. 26. It may

*A complete discussion of the method of computing the total chimney loss and curves
from which those of Fig. 26 were derived are presented in the Appendix.
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be observed from curve No. 5 that at the design indoor-outdoor
temperature difference of 80 deg. F. the actual heat loss from the
house, including the basement, was 57 500 B.t.u. per hr. as compared
with the calculated heat loss of 43 37.0 B.t.u. per hr. for the first and
second stories alone, and 76 180 B.t.u. per hr. for the house as a whole,
including basement.

The amount of radiation installed in the house was just sufficient
to offset the calculated heat loss of 43 370 B.t.u. per hr. predicated on
continuous operation of the radiators when supplied with water enter-
ing at 200 deg. F. and leaving at 190 deg. F., and surrounded by air at
70 deg. F. In Section 17 it was shown that at the design indoor-out-
door temperature difference of 80 deg. F. the circulator did not operate
more than approximately 12 hours per day, and, on the average, the
maximum temperature of the water entering the radiators did not
exceed 175 deg. F. Under these conditions, the heat supplied to the
house by the radiators was probably less than 21 000 B.t.u. per hr., or
approximately one-half of the calculated 43 370. The remainder of
the actual heat loss of 57 750 B.t.u. per hr., or 36 750 B.t.u. per hr.,
was obviously supplied from other sources. About 5000 B.t.u. per hr.
of this amount of heat was supplied by gas, electricity, and occupants,
and the balance undoubtedly was furnished by the boiler jacket, the
smoke pipe and the chimney.

If it is conceded that the calculated 43 370 B.t.u. per hr. is approxi-
mately correct for the heat loss from the structure above the basement,
then the difference between this and the actual loss of 57 750 or
14 380 B.t.u. per hr. represents heat that was lost from the basement
itself. The difference between 76 180 and 43 370 or 32 810 B.t.u. per
hr. represents the calculated heat loss from the basement based on an
assumed ground temperature of 50 deg. F. Obviously the commonly-
accepted methods of calculation give values that are much too high
for the heat losses from basements. The preponderance of the evi-
dence indicates that most of the error in the commonly-accepted
methods occurs in the calculation of the heat loss in the portion in
contact with the ground. Of the total calculated heat loss of 32 810
B.t.u. per hr. the loss through the portion in contact with the ground
amounted to 22 435 B.t.u. per hr., and the balance amounted to 10 375
B.t.u. per hr. Assuming that the latter is approximately correct, the
difference between 14 380 and 10 375, or 4 005 B.t.u. per hr., probably
represents the actual heat loss through the floor and the portion of
the walls in contact with the ground. This corresponds to a heat loss
of 3.21 B.t.u. per sq. ft. per hr. as compared with a value of 17.9 cor-
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responding to the 22 435 B.t.u. per hr. obtained by the usual methods
of calculation.

27. Humidity Conditions.-Humidity observations were made in
the Research Home during the seasons of 1940-41 and 1941-42 al-
though no humidifier was used and no attempt was made to control the
indoor relative humidity. The full-line curve in Fig. 27 shows the
observed indoor relative humidity and the broken-line curve shows the
relative humidity which would have existed in the house if the abso-
lute humidity indoors had been the same as that outdoors. The differ-
ence between these curves represents moisture added to the indoor air
by occupants, by evaporation from building materials and house fur-
nishings, and by evaporation from water normally used for general pur-
poses in the house. It may be observed from the full-line curves that
at indoor-outdoor temperature differences above 60 deg. F. the indoor
relative humidity was below 20 per cent, and hence too low for com-
fort. No family cooking nor washing was done in the house. If these
processes had been carried on it is probable that the indoor relative
humidity would have been raised to 25 per cent or more even in the
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coldest weather without any further form of humidification. This
amount is sufficient for reasonable comfort, and is about as high as
can be maintained in a building without storm sash without excessive
condensation occurring on the windows.

APPENDIX A

METHOD OF COMPUTING CHIMNEY GAS LOSSES

1. General Statement.-The hourly loss in the chimney gases at the
upper boundary of the heated space, that is at the level of the attic
floor, may be divided into three parts consisting of, (1) the heat lost
in the dry gases, (2) the heat lost in water vapor formed by the com-
bustion of hydrogen in the fuel and (3) the heat lost in water vapor
carried in by the air for combustion.

The heat lost in the dry gases during any given period of time may
be computed from the equation:

H = W C (t. - ti) (1)
in which

H = loss in dry chimney gas, B.t.u.
W = average rate of flow of dry chimney gas, lb. per hr.
C, = specific heat of chimney gas, 0.24 B.t.u. per lb.

tc = average temperature of the chimney gas at the level of the
attic floor, deg. F.

ti = average temperature of the indoor air, deg. F.
D = time, hours.

The heat lost in the water vapor formed by the combustion of
hydrogen in the fuel during any given period of time may be com-
puted from the equation:

H, = 0.09WoH, (he - hfi) + (2)
in which

He = loss in water vapor formed by the combustion of hydrogen
in the fuel, B.t.u.

Wo = weight of oil burned, lb. per hr.
H 2 = hydrogen in the fuel, per cent by weight
he = enthalpy of superheated steam at temperature t, and the

partial pressure of the vapor in the chimney (approximately
1.0 lb. per sq. in. absolute), B.t.u. per lb.

hfi = enthalpy of liquid at temperature ti, B.t.u. per lb.
- = time, hours.
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FIG. 28. CHARACTERISTIC CHIMNEY GAS TEMPERATURE AND DRAFT RECORDS

Each pound of air supplied for combustion contained only about
0.005 pounds of water vapor, and the loss from this source was very
small as compared with the other losses, hence the heat lost in this
water vapor was neglected in the calculations.

The rate of flow of chimney gases was not continuous and uniform,
and it was not possible to calculate the rate of flow during the off-
periods from the analyses of the fuel and chimney gases as was pos-
sible for the on-periods. Hence, it was immediately evident that in
order to obtain the chimney losses over the period of a day the on-
periods and the off-periods would have to be treated separately.

Continuous records were made of the available draft in the chimney
at the level of the basement ceiling, and the temperature of the
chimney gases at the level of the attic floor. The characteristic shapes
of the temperature and draft records are shown in Fig. 28. The shapes
of these curves for both the on- and the off-periods were such that no
direct method of averaging could be used, however, by integrating a
large number of characteristic curves, it was found that the average
temperature and average draft for a given on- or off-period could be
expressed in terms of the maximum temperature or draft shown by the
recorder chart for that period. Furthermore, since it was found that the
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PERFORMANCE OF A HOT-WATER HEATING SYSTEM

variation in the rate of flow of the chimney gases was similar to the
variation in the draft, the average rate of flow could be correlated
with the average draft. These methods were therefore used to obtain
the separate averages for the on-periods and off-periods from which
the heat losses in the dry chimney gases for these periods were com-
puted. The total loss for the day was then obtained by summing the
heat losses computed for the individual cycles.

2. Average Temperature and Draft During On-Periods.-For a
large number of characteristic on-periods the temperatures of the
chimney gases at the level of the attic floor as read from the recorder
charts were plotted against time on logarithmic paper. The resulting
curves were straight lines all having practically the same slope. The
average slope was 0.14 and the characteristic equation was of the form:

t = Co. 14  
(3)

in which
p = time from start of on-period, minutes
t = instantaneous temperature of the chimney gases at the level

of the attic floor at the time p, deg. F.
C = a constant.

Integrating Equation (3) between the limits of zero and P2, and
dividing by (p2:

C (20.14
te = -- (4)

1.14
in which

tc = average temperature of the chimney gases at the level of the
attic floor, deg. F.

02 = length of on-period, minutes.

From Equation (3) the temperature, ti, at the end of the on-period is

tm = C(20"14. (5)

Dividing Equation (4) by Equation (5)

tc =- = 0.877tm. (6)
1.14

Equation (6) gives the relation between the average temperature for
thelon-periodlandlthe temperature attained at the end of the period.
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Since the latter was always the maximum temperature attained in
the given cycle, it could be read from the chart with considerable
accuracy.

By a similar analysis it was found that the average draft could be
obtained from the recorder charts by making use of the equation:

D, = 0.917Dm (7)

in which
Dc = average draft, in. of water
Dm = draft at end of on-period, in. of water.

3. Average Rate of Flow During On-Periods.-For a large number
of on-periods, and over a wide range of chimney temperatures, a
series of observations were made of the percentage of CO2 in the
chimney gases at the level of the attic floor and the draft in the
chimney just above the point at which the smoke pipe entered
the chimney. From these CO 2 readings, made by means of an Orsat
apparatus, the corresponding rates of flow of the chimney gases in
pounds per hour were computed from the curves shown in Fig. 29.
These curves were obtained by assuming different percentages of
excess air and calculating* the resulting CO 2 and weights of the
products of combustion from the analysis of an oil typical of that
used. From the weight rates of flow, the velocities of the gases in the
chimney were computed and plotted on log paper against the corre-
sponding observed drafts. The resulting curve was a straight line
represented by the equation:

V = 1.71 - (8)
P

in which
V = velocity, ft. per sec.
D = observed draft, in. of water

p = density of chimney gases at the level of the attic floor, lb.
per cu. ft.

This was regarded as the characteristic flow equation applying to
the chimney as used and to the measurements made at the points
previously mentioned. Expressing the velocity in terms of weight of

-"Combustion Efficiencies as Related to Performance of Domestic Heating Plants," Univ. of
Ill. Eng. Exp. Sta. Cire. 44, 1942, pp. 21-23.
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gases flowing in pounds per hour and the density in terms of the
temperature of the gases, Equation (8) reduces to

I-D -
W = 20 200 t460 (9)

in which
W = weight of chimney gas, lb. per hr.
D = observed draft, in. of water

t = temperature of chimney gases at the level of the attic floor,
deg. F.

In order to determine the rate of flow for any given on-period the
average temperature and draft were first obtained by using Equa-
tions (6) and (7), respectively, in connection with values read from
the recorder charts. The average temperature and draft were then
substituted in Equation (9).

4. Average Temperature and Draft During Off-Periods.-By an
analysis similar to that discussed in Section 2, it was found that the
average temperature during any given off-period could be expressed
by the equation:

to = .145 (10)
0.814(2°

.145

in which
it = average temperature of the chimney gases at the level of the

attic floor, deg. F.
tm = temperature of the chimney gases at the level of the attic

floor at the start of the off-period, deg. F.
ip = length of off-period, minutes.

Draft curves were plotted similar to the temperature curves dis-
cussed in Section 2. The characteristic equation for these curves was
of the form:

D = DmpW (11)

in which
p = time from start of off-period, minutes

D = instantaneous draft at time, in. of water
Dm = draft at start of off-period, in. of water.

The exponent, n, in Equation (11) is a variable, the value of which
is dependent on Di, as shown in Table 7.
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TABLE 7
VALUES OF EXPONENT n TO BE USED IN EQUATIONS (11) AND (12)

D. DnD
in. of water n in. of water n

0.100 -0.297 0.140 -0.151

0.110 -0.230 0.150 -0.136

0.120 -0.193 0.160 -- 0.123

0.130 -0.170 0.170 -- 0.114

Integrating Equation (11) between the limits of zero and i2 and
dividing by 02:

Dc = --- n. (12)
n+1

in which
D, = average draft, in. of water

P2 = length of the off-period, minutes
Dm = draft at start of off-period, in. of water.

5. Average Rate of Flow During Off-Periods.-During the off-
periods no combustion occurred and air was drawn through the burner
and over the heating surfaces in the boiler by the action of the draft
in the chimney. Since there was no primary heat source, this draft was
created entirely by the residual heat in the combustion chamber,
boiler, and chimney. Furthermore, since no CO2 was generated, it was
not possible to determine the weight of gases flowing from the analyses
of the gases and fuel as it was for the on-period. Therefore, some other
method had to be employed.

The method employed was to introduce CO2 into the chimney at a
predetermined constant rate, and to measure the concentration of CO2
appearing at the level of the attic floor. For this purpose pure CO2 was
stored in a gasometer and introduced into the base of the chimney
through a short length of horizontal pipe extending across the chimney
and perforated on both sides. The gasometer afforded a means of both
measuring and controlling the rate of flow of CO2. The perforated pipe
introduced the CO2 horizontally and at a sufficiently low velocity to
permit diffusion across the whole cross-sectional area of the chimney.
It also eliminated the possibility of any injection action interfering
with the normal draft. Sufficient C02 was introduced to produce a con-
centration of about 2 per cent at the level of the attic floor, as meas-
ured by means of an Orsat apparatus. From this concentration the
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rate of flow of the chimney gases during the off-periods was determined
with an accuracy of -± 5 per cent. From the rates of flow so deter-
mined, the velocities of the chimney gases were computed and plotted
on logarithmic paper against the corresponding observed drafts as was
done for the on-periods. The characteristic flow equation in this case
was of the form:

V = 1.26 - (13)

in which
V = velocity, ft. per sec.
D = observed draft, in. of water

p = density of chimney gases at the level of the attic floor, lb.
per cu. ft.

Expressing the velocity in terms of weight of gases flowing in
pounds per hour and the density in terms of the temperature of the
gases, Equation (13) reduces to:

W = 14 920 t + 460 (14)

in which
W = weight of chimney gases, lb. per hr.
D = observed draft, in. of water

t = temperature of chimney gases at the level of the attic floor,

deg. F.

In order to obtain the rate of flow for any given off-period, the
average temperature and draft were first obtained by using Equations

(10) and (12), respectively, in connection with values read from the
recorder charts. The average temperature and draft were then sub-
stituted in Equation (14).

6. Heat Losses From Chimney Gases.-The daily heat losses in the
chimney gases over the whole range of outdoor temperatures as com-

puted from the daily test data and the formulas given in Sections (1)
to (5) of the Appendix are shown in Fig. 30. For each individual
on-period, the heat loss in water vapor formed by the combustion of
hydrogen was obtained by substituting in Equation (2) the proper
average values of Wo, H 2 , he, hi, and the total time, 4D, as applying to

that period. The summation of these losses for all of the on-periods of
the burner occurring during the twenty-four hour test period repre-
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sented by any given indoor-outdoor temperature difference is shown
as curve (1) in Fig. 30. The heat loss in the dry chimney gases for
each individual on-period was computed by substituting in Equation
(1) the duration of the on-period in hours and the average tempera-
ture and average rate of flow obtained from Equations (6) and (9),
respectively. The summation of these on-period losses for the dry
chimney gases is represented by curve (2). In the same way the heat
loss in the chimney gases for each individual off-period was computed
by substituting in Equation (1) the duration of the off-period in hours
and the average temperature and average rate of flow obtained from
Equations (10) and (14), respectively, and the summation of these
losses is shown by curve (3).

Curve (4) was obtained by adding curves (2) and (3), and repre-
sents the total loss in the dry chimney gases for the day. Curve (5),
obtained by adding curves (4) and (1), represents the total daily heat
loss due to the chimney gases.

It may be observed that in average winter weather, at an indoor-
outdoor temperature difference of 34 deg. F., the losses during the off-
periods amount to approximately 9 per cent of the heat input from the
oil burned. It is reasonable to assume that about two-thirds of this loss
results from air drawn through the burner and the rest from other
sources of leakage. This seems to indicate the possibility that approxi-
mately 6 per cent of the total heat input might be saved by proper
design of the burner to prevent entrance of air during the off-periods.
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