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A MATHEMATICAL MODEL OF THE SAM ANIMAL CALORIMETER RESPIRATORY 
GASES AND RELAe COMPUTER TECHNICS 

I. INTRODUCTION 

While this paper describes a simple mathe¬ 
matical model of the calorimeter subject's res¬ 
piratory gases, the general equation describing 
the changes in partial pressure of the gases in 
the system was stated by Quattrone (1). 
Certain modifications made to the SAM calo¬ 
rimeter system, the treatment of response 
signals, and recalibration data are described in 
this report. 

II. MATHEMATICAL MODEL 

Symbols 

To discuss in detail the calorimeter flow 
system, it is necessary to use various symbols 
and notations to show the mathematical rela¬ 
tions. The symbols used are a variation of 
those adopted by a group of respiratory physi¬ 
ologists at Atlantic City in 1950 (2). 

V = Volume of the calorimeter. 

Vc = Volume flow rate of gas into and out of the 
calorimeter. 

Vi = Volume flow rate of gas inspired by the 
subject. 

The “improved gradient layer animal calo¬ 
rimeter” in use at the USAF School of Aero¬ 
space Medicine incorporates both direct and 
indirect methods of whole-body calorimetry (1). 
The advantages of simultaneous use of direct 
and indirect calorimetry require no explanation ; 
however, the ventilatory air flow of the calo¬ 
rimeter presents a problem affecting both 
methods. The evaporative heat, a component 
of the direct method, and the oxygen and 
carbon dioxide concentrations in the chamber 
require correction for the effects of air flow. 

Ve = Volume flow rate of gas expired by the 
subject. 

Fo2 = Fractional concentration of oxygen in the 
ventilatory air. 

Fco2 = Fractional concentration of carbon dioxide 
in the ventilatory air. 

Fh20 = Fractional concentration of water vapor in 
the ventilatory air. 

Fio2 = Fractional concentration of oxygen inspired 
by the subject. 

Fiooj = Fractional concentration of carbon dioxide 
inspired by the subject. 

Flano = Fractional concentration of water vapor 
inspired by the subject. 

Feo2 = Fractional concentration of oxygen expired 
by the subject. 

Feco2 = Fractional concentration of carbon dioxide 
expired by the subject. 

Feh2o = Fractional concentration of water vapor 
expired by the subject. 

Fi(b2o)a = Fractional concentration of water vapor 
of ambient air. 

t = Time in minutes. 

Basic assumptions 

The basic assumptions required in develop¬ 
ing the working equations are: 

a. There is complete mixing of gases 
in the calorimeter. 
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b. The volume flow rate of gas into 
and out of the calorimeter is constant during 
any experiment. 

c. The fractional concentrations of the 
gases in the ventilatory air are constant during 
any experiment; i.e., Fo2, Fco2, and Fh2o are 
fixed prior to an experiment. 

d. The subject is in a steady state. (Al¬ 
though it is realized that a true “steady state” 
cannot be maintained for any length of time in 
an experimental animal, this assumption allows 
a solution to the differential equations describ¬ 
ing the system. The solutions of the equations 
reflect a net change in all monitored param¬ 
eters at a given time.) 

e. In maintaining stable conditions for 
the subject, the fractional concentration of C02 
in the chamber is not great enough to induce 
an involuntary increase in the respiratory rate; 
i.e., Fio2 < 1% (3). 

Derivation of equations 

The product of flow rate and concentration 
is taken as the instantaneous rate of change; 
and if the fractional concentrations of the in¬ 
spired gases are considered the time-dependent 
variables, then the differential equations 

ilîÜ + Vc Fio2 = VcFOj - Vo2 (l) 
dt 

Vc Fico2 = Vc Fcoa + Vco2 (2) 
dt 

ÍÜÍÜ0+ Vc Finjo = Vc Fh2o + Vh20 (3) 
dt 

define the system. Here the oxygen consump¬ 
tion, carbon dioxide production, and water vapor 
production are defined as Vo2 = Vi Fioj — Ve 
Feo2, Vco2 = VE Feooj - Vi Fico2, and Vh2o = 
Ve Feh2o — Vi Fi>2o, respectively. 

By the basic assumptions, the right sides of 
equations 1, 2, and 3 are to be treated as con¬ 
stants; therefore, the equations are readily 

solved by the first order method of integrating 
factors (4). The solutions are 

Vo2 = Vc (Fo2 - Fio2)/(l - e-“) (4) 

Vco2 = Vc (Fico2 - Fco2)/(l - e-kt) (5) 

Vh2o = [Vc (Fih2o - Fi(h2o)a e-«)/ 
(1 _ e1“)] — Vc Fh2o (6) 

where k = Vc/V and the constai.-s of integra¬ 
tion have been evaluated at initial conditions 
which are: t = 0, Fio2 = Fo2, Fico2 = Fco2, 
and FIh2o = Fi(h2o)a. These equations give the 
gas responses attributable to the subject by 
accounting for the effects of the ventilatory 
air flow and chamber volume. 

Since the respiratory quotient, RQ, fur¬ 
nishes qualitative information regarding the 
substances utilized in the metabolic pool, it has 
important physiologic meaning and should be 
evaluated in terms of the SAM system. RQ is 
defined as the ratio of the volume of C02 pro¬ 
duced per unit time to the volume of 02 con¬ 
sumed per unit time, or in terms of this model, 
equation 5 divided by equation 4, which yields 

RQ = VC02/V02 = (Flooj - Fco2)/ 
(Fo2 - Fio2). <7> 

Therefore, RQ is a function of the 02 and C02 
concentration changes which occur in the calo¬ 
rimeter and is not complicated by the type of 
ventilatory air flow system or the design of 
the calorimeter chamber. 

III. MODIFICATION OF SYSTEM 

Ventilatory system 

In the present system of the SAM calorim¬ 
eter, the ventilatory air is supplied by a large 
capacity air compressor rather than by com¬ 
pressed air cylinders. The compressor air is 
passed through a refrigeration-type drier, set 
at 4° C., before it passes through the flowmeter 
of the system. The platemeter, originally con¬ 
structed to measure the evaporative heat loss 
of the subject, has been replaced by two 
dew-probe-type sensors (Honeywell, SSP129D). 
The two identical dew probe sensors, one in the 
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ventilatory air stream and the other in the 
exhaust gas stream, are connected in a bridge 
circuit so that the output is a measure of the 
water vapor loss of the subject. This system 
results in a reproducible linear response (see 
fig. 3) which allows measurement of small 
energy inputs at low ventilatory flow rates. 
Quattrone (1) reported that the platemeter has 
a nonlinear response under these conditions. 

The oxygen and carbon dioxide concentra¬ 
tions in the exhaust gas stream are measured 
continuously, dry and at room temperature. 
The exhaust gases from the dew probe sensor 
are passed through a large copper tube which 
allows equilibration to room temperature, and 
then through a system of valves where a small 
amount is diverted to the gas sensors and the 
unused portion discarded. The fraction 
diverted to the gas sensors is passed through 
a drier, a flowmeter, an oxygen analyzer 
(Beckman model F-3), a length of tubing, and 
finally, the carbon dioxide analyzer (Beckman 
model LB-1). The length of tubing between 
the two analyzers was adjusted so that the 
analyzers responded simultaneously to changes 
in gas concentration. The system of valves 
mentioned allows standard gases to be passed 
through the analyzers without disrupting the 
gas flow through the calorimeter. 

Computer circuitry 

The output signals from the oxygen and 
carbon dioxide analyzers along with the output 
signals from the calorimeter thermopile and 
dew probe bridge are passed through an analog 
computer (TR-20 Analog Computer) to obtain 
the desired amplification and control of the 
signals, and are then recorded by a magnetic 
tape recorder (Ampex model FR-1200). The 
complete circuit of the computer is shown in 
figure 1. 

The arrangement of the computer circuit is 
such that, with ventilatory air flowing through 
the sensors, the analogs of Fo2 and Fco2 (see 
equations 4 and 5) may be set equal to zero 
and the differences from these set points, 
occurring during an experiment, amplified for 
good sensitivity to small changes. The ampli¬ 
fied analogs of the changes in concentration of 

02 and C02 are simultaneously passed into a 
divider circuit and into separate summing am¬ 
plifiers (see fig. 1). The summing amplifiers 
are needed to maintain output signals within 
the limits of the tape recorder. The quotient 
of C02/02, where 02 = Fo2 — Flo2 and C02 = 
Flco2 — Fco2, appearing at the output of am¬ 
plifier 13, is passed into an attenuator (poten¬ 
tiometer 10) which is set according to the ratio 
of the sensitivities of the two analyzers (02 
sensitivity/C02 sensitivity) resulting in a 
continuous recording of RQ simultaneously 
with the corresponding analogs of 02 and C02. 

The output signals from the dew probe 
bridge and the calorimeter thermopile are 
passed through a series of amplifiers to obtain 
good sensitivities to small changes in evapora¬ 
tive and radiant heat. Then the amplified 
signals are passed through circuits represent¬ 
ing the calibration curves (see recalibration) 
for each of the sensors so that the output of 
amplifiers 3 and 4 are in Calories per minute. 
Therefore, the evaporative heat, radiant heat, 
and the sum of the two heats are recorded 
simultaneously (see fig. 1). 

The treatment of these data on magnetic 
tape will be mentioned only briefly. A digital 
program performs various operations upon the 
taped data as it is sampled each minute. The 
program corrects the data for any equipment 
drift occurring during the experiment and then, 
utilizing equations 4, 5, and 6 appropriately, 
calculates the 02 consumption, C02 production 
(ml./min./kg. wt.) STPD, and RQ from these 
data. Then from the 02 consumption, the 
metabolic heat (gm. cal./min./kg. wt.) is cal¬ 
culated and this figure is compared to the sum 
of the radiant and evaporative heats (cal./ 
min./kg. wt.). The difference between the 
metabolic heat and the measured heat is used 
as an estimate of heat loss or heat storage. 

Other modifications 

The calorimeter water bath system has been 
modified. The previous two baths have been 
replaced by one of approximately equal volume. 
A larger, more efficient refrigeration unit, in¬ 
stalled with the new water bath, allows greater 
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heat inputs while maintaining a temperature of 
20 ± 0.01° C. With this ability to handle more 
heat, the flow of water through the calorimeter 
walls has been increased to approximately 
28 liters per minute per wall by installation of 
pumps with greater volume flow. The direc¬ 
tion of water flow has been reversed so that 
the water is pulled from the bath, passed 
through the calorimeter walls and then through 
the pumps which return the water to the bath. 
Therefore, any heat added to the system by 
the pumps is transferred to the bath where it 
is carried off by the cooling system. 

IV. RECALIBRATION 

Recalibration conditions 

During all stages of recalibration, the calo¬ 
rimeter water bath and the air chamber were 
regulated at 20° C., and the ventilatory air flow 
rate was maintained at 20.2 liters per minute 
(STPD). For all calibrations, the calorimeter 
thermopile and the dew probe bridge signals 
were monitored with a digital voltmeter 
(Hewlett-Packard model 405) after the signals 
had been passed through the various amplifiers 
of the analog computer (already described). 

Calorimeter 

As previously reported (1), the calorimeter 
thermopile has a linear response as shown by 
the recalibration data plotted in figure 2. These 
data were obtained by an amplification of 400 
times the thermopile output. These data were 
fitted by the method of least squares to an 
equation of the form 

where 

and 

to yield 

and 

Hc = a + bEc 

Hc = calories input 

Ec = volts output 

a = 19.015 ± 11.655 

b = 161.268 ± 2.011 

The estimates of precision are given as stand¬ 
ard deviations for each constant, these being 
calculated from the least squares equations for 
a linear function, with one variable, Hc, subject 
to error. 

The differences between this calibration 
curve and that previously reported (1) can be 
accounted for by a number of modifications 
made to the system ; i.e., the increased flow rate 
of water through the calorimeter walls, the 
method of measurement, amplification of ther¬ 
mopile signal, and the associated circuitry. 

Dew probe 

Calibration of the dew probe bridge to 
monitor the evaporative heat loss was done 
simultaneously with the calibration of the 
calorimeter thermopile. As pointed out by 
Hammel and Hardy (5), the advantage of using 

Several different types of radiant heat 
sources were used to check the calorimeter 
thermopile output, and at increased gains for 
good sensitivity there was no detectable differ¬ 
ence in the output regardless of which source 
was used. The method of calibration reported 
by Hammel and Hardy (5)—i.e., an alcohol 
lamp as a source of radiant heat and water 
vapor in the calorimeter—was used to establish 
the standard curves in figures 2 and 8. 

-O 50 KX) 150 200 290 SCO 550 400 430 500 
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FIGURE 2 

Calorimeter calibration curve. 
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2.8 an alcohol lamp for calibration is that oxygen 
consumption, carbon dioxide production, water 
vapor production, and radiant heat may be 
checked simultaneously. 

The dew probe bridge has a linear response 
as shown in figure 3. These data were obtained 
at an amplification of 100 times the bridge out¬ 
put. A least squares solution of these data 
yields 

where 
= a + bE,! 

Hd = calories input 

„2.4J 

and 
Ed = volts output 

a = 7.826 ± 9.011 

FIGURE 8 

Dew probe calibration curve. 

b = 37.707 ± 1.650 

As in the case of the calorimeter recalibration, 
the estimates of precision are given as standard 

deviations for each constant, these being calcu¬ 
lated as before with variable, Hd, subject to 
error. 
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