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Transient sensor errors and their impact on fixed-bed regenerator (FBR) 

testing standards 

Fixed-bed regenerators (FBRs) are a favourable option for energy recovery in building 

HVAC systems due to their high sensible effectiveness. Unlike other types of energy 

recovery exchangers, the air temperature at the outlet of FBRs varies with time, which 

creates challenges when measuring the outlet temperature and effectiveness of FBRs 

since the actual outlet air temperature will include the transient response of the FBR 

and the temperature sensor. In this paper, a validated numerical model of FBRs that 

takes into account the sensor response is used to quantify the temperature and 

effectiveness errors that result due to sensors response characteristics over a wide range 

of design parameters. The main contribution of this paper is the practical 

recommendations for the temperature measurement for different types of FBRs 

developed for HVAC applications.  The recommendations presented in this paper 

could be implemented in future versions of the current standards (ASHRAE 84 and 

CSA C439-18 standards) for performance testing of air to air energy exchangers.  

Keywords: Fixed-bed regenerators (FBRs), temperature measurement, sensor 

transient response, test standards (ASHRAE standard 84 and CSA C439-18 

standard), air-to-air energy exchangers. 
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Nomenclature 

Ag cross-sectional area of the airflow duct, m2 𝑇ℎ,𝑜 hot airstream outlet temperature, °C 

Am matrix cross-sectional area, m2 Tm matrix temperature, °C 

Am,c cold side matrix cross-sectional area, m2 T* dimensionless temperature 

Am,h hot side matrix cross-sectional area, m2 t time, s 

As heat transfer surface area of exchanger channel, m2 tp matrix plate thickness, m 

Aht heat transfer surface area, m2  t* dimensionless time 

Cpm specific heat capacity of matrix, J/(kg∙K) V mean airflow velocity, m/s 

Cpg specific heat capacity of air, J/(kg∙K) Vts volume of the temperature sensor, m3 

Cpts specific heat capacity of sensor, J/(kg∙K) W width of the exchanger, m 

C* heat capacity rate ratio x axial coordinate, m 

Cr* matrix heat capacity ratio X* dimensionless distance 

𝐶𝑟,ℎ
∗  hot side matrix heat capacity ratio 

 

Greek symbols 

𝐶𝑟,𝑐
∗  cold side matrix heat capacity ratio β symbolic function 

Cpts specific heat capacity of temperature sensor, J/(kg∙K) ΔTactual actual temperature swing, °C 

Dh hydraulic diameter, m ΔTsensor sensor measurement temperature swing, 

°C 

h convective heat transfer coefficient, W/(m2∙K) Δε effectiveness error (%) 

(hAs)∗ convective conductance ratio  ε effectiveness (%) 

  λ conduction parameter 

kg thermal conductivity of air, W/(m∙K) λc cold side conduction parameter 

km thermal conductivity of matrix, W/(m∙K) λh hot side conduction parameter 

L length of the heat exchanger, m ρg air density, kg/m3 

Max maximum ρm matrix density, kg/m3 

Min minimum ρts temperature sensor density, kg/m3 

(𝑚̇𝐶𝑝)
ℎ

 hot airstream heat capacity rate, W/K τs sensor time constant, s 

(ṁCp)
𝑐
 cold airstream heat capacity rate, W/K 𝜏𝑠

∗ dimensionless time constant 

m integer φ symbolic function 

NTU number of transfer units  
 

ACRONYMS 
NTUo overall number of transfer units    

ntuc cold side NTU AAEE air to air energy exchanger 

ntuh hot side NTU BC boundary condition 

P total cycle time, s EX exchanger 

Re Reynolds number EA exhaust air 

Pc cooling period duration, s FBR fixed-bed regenerator 

Ph heating period duration, s HVAC heating, ventilating and air conditioning 

Pr Prandtl number SA supply air 

Tg airstream temperature, °C S summer 

Tc,i cold inlet airstream temperature, °C W winter 

𝑇̅𝑐,𝑜 time-averaged cold airstream outlet temperature, °C   

𝑇𝑐,𝑜 cold airstream outlet temperature, °C   

𝑇ℎ,𝑖 hot inlet airstream temperature, °C   

𝑇̅ℎ,𝑜 time-averaged hot airstream outlet temperature, °C   
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1 Introduction 

The building sector is responsible for about 40% of the total global energy 

consumption and more than 30% of global CO2 emissions [1]. Heating, ventilating, and air 

conditioning (HVAC) systems consume a substantial part of the energy used in buildings. 

For instance, space cooling (70%) dominates the building energy consumption in the Middle 

East region [2,3], and space heating is the major contributor (60%) of Canada’s building 

energy consumption [4]. 

The energy required for ventilation air is critical due to increasing air-tightness and 

improving building envelopes [5]. Considering the energy consumption of HVAC systems 

and the importance of ventilation on the health and productivity of buildings’ occupants [6], 

recovering energy from the exhaust air becomes essential for energy efficiency in buildings. 

Thus, various types of air-to-air energy recovery exchangers have been incorporated into the 

HVAC systems to help with this recovery [7].  

Fixed-bed regenerators (FBRs) have recently been the subject of several studies for 

energy recovery in HVAC applications [8,9,18–24,10–17] because of their advantages of 

high ratio of heat transfer area to volume and high heat transfer effectiveness. In literature, 

FBRs are referred to as single-core regenerators, double-core regenerators [25], room-based 

ventilators [10,11], reversing-flow regenerators [25], and exchanger with a periodic change 

in the flow direction [13,14,19].  

FBR is an energy exchanger with one or two stationary matrixes that store/reject heat 

as hot/cold air flows through the matrixes alternately, as shown in Fig. 1. This alternate 

heating and cooling processes in FBRs cause the outlet air temperature of FBRs to vary 

linearly with time [20,23]. Figure 1 presents the FBR’s inlet and outlet air temperatures 

during the heating (Ph) and cooling (Pc) periods. After many cycles, the outlet temperature of 
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an FBR reaches a quasi-steady-state condition where the outlet temperature profile will be 

the same for every cycle [21]. The variation of the outlet air temperature (even at the quasi-

steady-state condition) poses challenges for measuring the air temperature and, consequently, 

the effectiveness. This is due to the transient characteristics of the sensor, which causes the 

measured temperature to lag the actual temperature [22,23,26].  
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Figure 1. Schematic of inlet and outlet temperatures during alternate heating and cooling periods of FBRs 

In addition to the temperature variation during a period, the exposure of the 

temperature sensors to different temperature conditions in the previous period affects their 

temperature measurement in the subsequent period. For example, Fig. 1 shows that the sensor 

measures the outlet temperature during the cold period (𝑇𝑐,𝑜) was previously exposed to the 

(a) Heating period 

(b) Cooling period 
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hot inlet air (𝑇ℎ,𝑖) during the previous hot period. Therefore, both the initial condition of the 

sensor and the slope of the temperature profiles are critical in obtaining the effect of sensor 

transient characteristics in the temperature measurement [20,27–29]. With a small-scale test 

facility, Krishnan et al. [23] and Ramin et al. [22] studied the effects of the location of 

temperature sensors on the performance evaluation of FBRs for HVAC applications. For a 

thermocouple with a time constant of 1.5 seconds and a short recovery period (7.5 seconds), 

their results showed that a maximum of 15% error in effectiveness estimation occurs, which 

is due to the transient response of temperature sensors. However, further studies are required 

to provide more values to inform experiments and test standards. Ramin et al. [20] presented 

an analytical solution for the response of a sensor exposed to a semi-sawtooth profile. 

Although this solution is complicated and requires the knowledge of slope and intercept of 

the outlet air temperature of FBR (from numerical solution); also this solution needs to be 

expanded to cover all types of FBRs. 

ASHRAE standard 84 [26] and CSA C439-18 standard [25] have been recently 

updated to include FBR performance testing. Both standards require a sampling rate that 

leads to collecting at least 30 temperature samples per recovery period (the recovery period 

is assumed to be 60 seconds). The temperature must be measured using instruments that have 

a response time shorter than the sampling rate. However, the temperature measurement 

sensors’ requirements mentioned in these standards have not been studied and validated. It 

is also recommended in the ASHRAE standard 84 and CSA C439-18 standard to continue 

the testing of FBRs for one hour before reaching the quasi-steady state condition. This 

recommendation has been previously studied and verified for a wide range of operation 
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conditions [24]. Thus, the focus of this paper is on the impacts of temperature sensor 

transients characteristics on the quasi-steady-state temperature profile and effectiveness.  

Hence, the main objective of this paper is to quantify the effect of sensor’s transient 

characteristics on temperature measurements over a wide range of sensors time constants and 

FBR’s design parameters (overall number of transfer units (NTUo), matrix heat capacity rate 

ratio (Cr*), and longitudinal conduction parameter (λ)) suitable for practical applications in 

HVAC systems. This paper will also examine the temperature sensor requirements in 

ASHRAE standard 84 [26] and CSA C439-18 standard [25]. 

2 FBR configurations and their outlet temperature profiles 

FBRs can be broadly classified as single and double-core exchangers, and its outlet 

temperature profiles depend on the configuration, as summarized in Table 1. This table 

summarizes the different designs of FBRs reported in the literature [10,30], along with test 

standards [25,26]. The summer and winter temperature profiles at the outlet of exchangers 

are also presented on the supply and exhaust sides in Table 1. The temperature profiles are 

provided for two consecutive periods of exposure of the sensor to illustrate the initial 

temperature condition before each heating/cooling period. For the single-core exchanger or 

room-based heat recovery exchanger (ventilator) [8], as shown in the first row of Table 1, 

the sensors at the outlet of the supply and exhaust side of the exchanger are exposed to a 

periodic positive/negative (depending on the season) semi-sawtooth temperature profile.  

 

 

 



7 

 

Table 1. Different configurations of FBRs and their corresponding winter (W) and summer (S) outlet 

temperature profiles at the supply side (SA) and exhaust side (EA)  

# 

 
Ref. FBR configuration 

Outlet temperature profile on the SA and EA 

sides 

1 

N
iz

o
v
ts

ev
 e

t 
al

.[
1
0
] 

 
Time

T
e
m

p
er

at
u
re Th,o

Tc,i

Supply side (summer)  or

 exhaust side (winter)

 
Time

T
e
m

p
er

at
u
re

Tc,o

Th,i

Exhaust side (summer)  or

 Supply side (winter)

 

2 

C
S

A
 C

4
3
9

-1
8
 s

ta
n
d
ar

d
 

[2
5
] 

 

Supply side (summer)  or

 exhaust side (winter)

Time

T
e
m

p
er

at
u
re

Th,o Th,o

 

Exhaust side (summer)  or

 Supply side (winter)

Time

T
e
m

p
er

at
u
re Tc,o
Tc,o

 

3 

A
S

H
R

A
E

 s
ta

n
d
ar

d
 

8
4
 [

2
6
] 

 

Supply side (summer)  or

 exhaust side (winter)

Time

T
e
m

p
er

at
u
re

Th,o Th,o

 

Exhaust side (summer)  or

 Supply side (winter)

Time

T
e
m

p
er

at
u
re Tc,o

Tc,o

 
4 

T
em

p
ef

f 
N

o
rt

h
 A

m
er

ic
a 

L
td

. 
[3

0
] 

 

Supply side (summer)

Time

T
e
m

p
er

at
u
re

Th,o Th,o

 Supply side (winter)

Time

T
e
m

p
er

at
u
re Tc,o

Tc,o

 

Time

T
e
m

p
er

at
u
re

Tc,o

Th,i

Exhaust side (summer) 

 

Time

T
e
m

p
er

at
u
re Th,o

Tc,i

 Exhaust side (winter)

 

SA
Discharge 

cycle 

Regeneration 

cycle

OA

EA
RA

 

t: Temp. Sensors 



8 

 

For the double-core exchangers, as presented in the CSA C439-18 standard [25] and 

ASHRAE standard 84 [26], sensors at the outlet of supply or exhaust airstreams are exposed 

to periodic positive/negative sawtooth temperature profiles, depending on the season. On the 

other hand, the double-core exchanger developed by Tempeff North America [30] 

experiences a periodic sawtooth and semi-sawtooth temperature profiles on the supply and 

exhaust side of the exchanger, respectively. Compare to the sawtooth profile; the semi-

sawtooth profile has a flatten part before a positive/negative ramp. 

Based on the shape of the temperature profile at the outlet of the exchanger, FBRs 

can be classified into three main types as follows; 

1. Single-core FBRs with a semi- sawtooth function (configuration 1 in Table 1): The 

temperature sensors are exposed to positive/negative (depending on the season) semi-

sawtooth temperature.  

2. Double-core FBRs with a sawtooth profile (configurations 2 and 3 in Table 1): The 

temperature Sensors are periodically exposed to a positive/negative (depending on the 

season) sawtooth temperature profile. 

3. Double-core with combined sawtooth and semi-sawtooth temperature profiles 

(configuration 4 in Table 1): This is a combination of type 1 and 2 FBRs with respect to the 

temperature profile. 

Thus, it can be concluded that the temperature sensors are exposed to either a 

positive/negative sawtooth or semi-sawtooth profile depending on the configuration of FBRs 

and season. 
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3 Numerical model and experimental test facility  

Although there are correlations in the literature to calculate the effectiveness of 

thermal regenerators [31–33], there is no straightforward method to obtain the instantaneous 

temperature profile within the recovery and regeneration periods of FBRs at different design 

conditions. This instantaneous temperature profile during each period is essential to quantify 

the error due to the transient response of temperature sensors. In this paper, a validated 

numerical model by Ramin et al. [22] is used to obtain that temperature profile and determine 

the sensor effect on temperature measurement. The air streams will be referred to as hot and 

cold airstreams hereafter for ease of understanding and to avoid over mentioning the season. 

3.1 Performance parameter  

The performance of an FBR is quantified using effectiveness, which is defined as the 

ratio of the actual to the maximum possible heat transfer rate [25,26], and mathematically 

represented by Eqns. (1) and (2) for the hot side and cold period, respectively: 

εh =
ṁh𝐶𝑝(T̅h,o − Th,i) 

min(Ch, 𝐶𝑐) (Th,i − Tc,i)
 (1) 

εc =
ṁc𝐶𝑝(T̅c,o − Tc,i) 

min(Ch, 𝐶𝑐) (Th,i − Tc,i)
 (2) 

where ṁh and ṁc are the mass flow rate of the hot and cold airstreams, respectively. The 

temperature of the air leaving FBR varies with time, hence T̅c,o and T̅h,o are the time-averaged 

cold and hot temperatures, respectively. These temperatures are obtained using Eqns. (3) and 

(4): 

T̅c,o =
1

Pc
∫ Tc,odt

Pc

0

,  (3) 

T̅h,o =
1

Ph
∫ Th,odt

Ph

0

 (4) 
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3.2 Governing equations  

An FBR consists of many channels through which hot and cold airflows flow 

alternatively. A schematic diagram of a cross-section of a representative channel is shown in 

Fig. 2, along with the heat transfer process during the heating and cooling periods. 

The one-dimensional governing energy equations for the airflow (subscript ‘g’) and 

matrix (subscript ‘m’), are presented as follows (Eqns. 5 and 6); 

ρgCPg
Ag

∂Tg

∂t
+ VρgCPg

Ag

∂Tg

∂x
+ h

As

L
(Tg − Tm) =

∂

∂x
(kgAg

∂Tg

∂x
) (5) 

ρmCPm
Am

∂Tm

∂t
− h

As

L
(Tg − Tm) −

∂

∂x
(kmAm

∂Tm

∂x
) = 0 (6) 

The boundary conditions are also presented in Eqns. (7)-(9). 

Tg(x = 0, mP ≤ t ≤ mP + Ph ) = Th,i ;               𝑚 = 0,1,2, … (7) 

Tg(x = L, mP + Ph ≤ t ≤ (m + 1)P) = Tc,i ;     𝑚 = 0,1,2, … (8) 

∂Tm

∂x
|

x=0
=

∂Tm

∂x
|

x=L
= 0 (9) 

  

Inlet Temp.

SA

Hot period

OA
Matrix

Matrix

Outlet Temp.

Outlet Temp. Inlet Temp.

Cold period

L

x: Axial coordinate

 

Figure 2. A schematic of the numerical domain for heat transfer in a representative channel of FBR  

All symbols used in these equations are presented in the nomenclature. Also, for many 

practical applications, 𝑃ℎ and 𝑃𝑐 are equal, and hence, they are considered to be equal in this 
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paper as well. The transient transport equations for the conservation of energy in the airflow 

and matrix (Eqns. 5 & 6) are discretized using a finite volume method [34]. A Matlab code 

is developed to solve the set of algebraic equations. Further details on the numerical model, 

grid independency test, and validations are provided in the previous publication [22]. 

The importance of using the dimensionless equations is that the dimensionless 

temperature will be independent of the selection of the hot and cold flow temperatures. Thus, 

errors due to the transient response of sensors will be quantified, regardless of the choice of 

the hot or cold temperatures, hence independent of the climate conditions. Utilizing the 

dimensionless variables from Table 2, the matrix and air energy equations for the hot flow 

and cold flow periods transform to Eqns. (10 and 11) and (12 & 13), respectively [35], subject 

to boundary conditions (BCs) and inlet conditions highlighted in Eqns. (14)-(16). 

∂Tm
∗

∂t∗
=

ntuh

Cr,h
∗ (Th

∗ − Tm
∗ ) +

λh

Cr,h
∗

∂2Tm
∗

∂X∗2  (10) 

∂Th
∗

∂X∗
= ntuh(Tw

∗ − Th
∗) (11) 

∂Tm
∗

∂t∗
=

ntuc

Cr,c
∗

(Tm
∗ − Tc

∗) +
λc

Cr,c
∗

∂2Tm
∗

∂X∗2  (12) 

∂Tc
∗

∂X∗
= ntuc(Tc

∗ − Tw
∗ ) (13) 

BCs and inlet conditions are: 

∂Tm
∗

∂X∗
|

X∗=0
=

∂Tm
∗

∂X∗
|

X∗=L
= 0 (14) 

Th
∗(X∗ = 0, 2m ≤ t∗ ≤ 2m + 1) = 1 (15) 

Tc
∗(X∗ = 1, 2m + 1 ≤ t∗ ≤ 2m + 2) = 1  (16) 

From the above equations, the dimensionless temperature will be a function of several 

dimensionless variables, as presented in Eqn. (17): 

𝑇ℎ
∗ 𝑜𝑟 𝑇𝑐

∗ = 𝜙(𝑋∗, 𝑡∗, 𝑛𝑡𝑢ℎ, 𝑛𝑡𝑢𝑐, 𝐶𝑟,ℎ
∗ , 𝐶𝑟,𝑐

∗ , 𝜆𝑐, 𝜆ℎ) (17) 
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The dimensionless parameters for the hot and cold airflows can be combined into 

overall dimensionless parameters presented in Table 2 [35]. Therefore, the dimensionless 

temperatures (Eqn. (17)) becomes a function of seven independent dimensionless variables, 

as presented in Eqn. (18): 

𝑇ℎ
∗ 𝑜𝑟 𝑇𝑐

∗ = β(𝑋∗, 𝑡∗, 𝑁𝑇𝑈𝑜 , 𝐶∗, 𝐶𝑟
∗, (ℎ𝐴)∗, 𝜆) (18) 

In most HVAC practical applications, (ℎ𝐴)∗ = 1; thus dimensionless temperatures 

for the effectiveness calculation (at the outlet of FBRs 𝑋∗ = 0 𝑎𝑛𝑑 1) becomes a function of 

four parameters (𝑁𝑇𝑈𝑜 , 𝐶∗, 𝐶𝑟
∗ 𝑎𝑛𝑑, 𝜆). 

Table 2: Dimensionless variables and parameters for heat transfer in FBRs 
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𝜆𝑐𝐶𝑐 + 𝜆ℎ𝐶ℎ

min(𝐶𝑐, 𝐶ℎ)
 (ℎ𝐴)∗ =

(ℎ𝐴)𝑜𝑛 𝑡ℎ𝑒 min(𝐶ℎ, 𝐶𝑐)  𝑠𝑖𝑑𝑒

(ℎ𝐴)𝑜𝑛 𝑡ℎ𝑒 max(𝐶ℎ, 𝐶𝑐)  𝑠𝑖𝑑𝑒
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From the definition of the dimensionless variables, the effectiveness of FBR in Eqns. 

(3) & (4) simplifies to Eqn. (19) and (20) for 𝐶𝑚𝑖𝑛 = 𝐶𝑐:  

εc = 𝑇̅𝑐,𝑜
∗  (19) 

𝜖ℎ =
1 − 𝑇̅ℎ,𝑜

∗

𝐶∗
 (20) 

In many practical applications and the test standards (CSA C439-18 standard [25] 

and ASHRAE standard 84 [26]), the flow in regenerators are considered to be balanced (𝐶∗ =

𝐶𝑐

𝐶ℎ
= 1 ), and hence the results are presented for such a balanced flow condition.   

Temperature sensors usually have a small mass, which makes the lumped capacitance 

method applicable [36] for the corresponding transient energy balance. The energy balance 

for the sensors is presented in Eqn. (21);  

𝑑𝑇𝑠

𝑑𝑡
=

1

𝜏𝑠
(𝑇𝑔 − 𝑇𝑠) (21) 

where 𝜏𝑠 is the time constant of the temperature sensor, and Ts is the temperature that the 

sensor records. Equation (21) can be rewritten using the dimensionless variables as Eqn. (22); 

𝑑𝑇𝑠
∗

𝑑𝑡∗
=

𝑃ℎ

𝜏𝑠
(𝑇𝑔

∗ − 𝑇𝑠
∗) =

1

𝜏𝑠
∗

(𝑇𝑔
∗ − 𝑇𝑠

∗) (22) 

where 𝜏𝑠
∗ is the time constant to recovery period ratio (dimensionless time constant of 

temperature sensor), and is mathematically depicted by Eqn. (23): 

𝜏𝑠
∗ =

𝜏𝑠

𝑃ℎ 
 (23) 

 Therefore the temperature obtained from Eqn. (18) gives the actual outlet air temperature 

of the exchanger, and the one obtained from Eqn. (22) is what temperature sensors record. 

Figure 3 (a-d) shows different possible outlet air temperature profiles from the numerical  
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Figure 3. Outlet air temperatures of positive/negative sawtooth (a & b) and the semi-sawtooth (c & d) profile 

and their corresponding sensor measurements with 𝜏𝑠
∗=0.2 (NTUo=1.0, Cr*=1.0, λ=0)  
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model (See Table 1) of FBRs along with their corresponding sensor measurements 

(for τs
∗ = 0.2), obtained from Eqn. (22) for NTUo=1, Cr*=1, and λ=0. 

The deviation between the average actual air temperature and the sensor recording 

for both positive/negative sawtooth profiles is equal. This means that effectiveness errors (a 

function of average outlet temperature) due to the sensor measurements are identical for the 

positive and negative sawtooth profiles. This conclusion is also applicable to the 

positive/negative semi-sawtooth profile. Therefore, in terms of error due to temperature 

measurement, there is no difference between positive and negative temperature profiles 

(either sawtooth or semi-sawtooth). Hence, in the rest of the paper, further analyses are 

carried out only for the positive sawtooth (heating period) (Fig. 3 (a)) and the positive semi-

sawtooth temperature profiles (heating period) (Fig. 3(c)). 

3.3 FBR small-scale test facility 

A small scale test facility was used to validate the numerical model [22]. The 

schematic diagram of the facility is shown in Fig.4. The principle of operation, 

instrumentation, and data analysis procedures of the experiments are reported in previous 

publications of the present authors [23,37]. 
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Figure 4. Schematic of the small scale test facility 

The schematic of the exchanger (made of aluminum plates) and its thermo-physical 

properties are shown in Fig.5 and Table 3, respectively. A linear actuator unit (LAU) is used 

to slide the exchanger between the hot and cold airstreams to mimic the alternate heating and 

cooling process of FBRs. The temperature of the hot and cold airstreams is measured using 

calibrated T-type thermocouples (with a time constant (τs) of 1.5 seconds) with an uncertainty 

of ±0.2 °C. The uncertainty in flow rate measurements is ±2%. Uncertainty analysis has been 

performed by following the rule of error propagation [38], and the uncertainties in sensible 

effectiveness and normalized temperatures are 3% and 1.5%, respectively. Generalized 

uncertainty analysis of small-scale testing has been presented, and the contribution of errors 

from temperature and flow rate measurements on sensible effectiveness is reported in our 

previous publication [23]. Energy balance was performed, and results showed that for a wide 

range of test conditions, the test facility conserves energy (with a deviation of less than 5%). 

The experiment is continued until the exchanger attains the quasi-steady-state condition.  
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Figure 5. A schematic of the small scale exchanger 

 

Table 3. Geometrical details, thermophysical properties of the exchanger, dimensionless parameters, and 

sensor time constant 

Exchanger channel 

Length(mm) 200 

Width (mm) 80 

Height (mm) 2.1 

Hydraulic diameter (mm) 3.5 

Aluminum plates 

Thickness (mm) 0.62 

Thermal conductivity (W/mK) 2730 

Density (kg/m3) 220 

Specific heat capacity (J/kgK) 904 

Dimensionless parameters 

NTUo 2.4 

Cr* 1.2 

C* 1.0 

λ 0.3 

Temperature Sensor  Time constant (s) 1.5 

3.4 Validation of the results 

The effectiveness calculated from the literature correlations [35,39] and from the 

small-scale test facility is used to validate the numerical model and presented in our previous 

paper [22]. In the present study, the temperature profile from the numerical model (including 

the sensor response) is compared with the temperature profile from the small-scale test 

facility.  
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Figure 6 (a) shows the comparison of the quasi-steady-state dimensionless 

temperature profiles at the outlet of FBR from the small-scale experiment and the numerical 

model (including the sensor response) for both heating and cooling periods (60 s). From Fig.6 

(a), it can be observed that the temperature from the numerical model (including the sensor 

response from Eqn. (22)) and the experiment are in good agreement. Therefore the numerical 

model is accurate in predicting the transient behavior of the outlet temperature of FBR and 

sensor response. The measured temperature profiles from the experiment (including sensor 

response) at different recovery periods are modified following the method presented in [23], 

and the resulted effectiveness are compared with the prediction from the numerical model; 

This effectiveness comparison is presented in Fig. 6(b). This figure demonstrates that the 

numerical model results agree with the experimental effectiveness within the uncertainty 

bounds. Hence, the developed numerical model can be confidently used to evaluate the 

performance of FBR for different operating conditions. 
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(a) 

 

(b) 

 

Figure 6. (a) Numerical and experimental temperature comparison from the beginning of the experiment 

(NTUo=2.4, Cr*=1.2, λ=0.3) and (b) comparison of sensible effectiveness from experiment and numerical 

model 

4 Results and discussions  

The effects of sensor time constant on the temperature measurements at the quasi-

steady-state condition are discussed in detail in this section. The actual air temperature is 

obtained from Eqn. (18) over a wide range of NTUo, Cr*, and λ. The sensor temperature 

measurements are obtained from Eqn. (22) for different dimensionless time constant (τs
∗). 

The difference between effectiveness obtained from Eqns. (18) and (22), is reported as the 

effectiveness error (Δϵ) due to the transient response of sensors (Eqn.  (24)):  



20 

 

Δϵ = |ϵactual − ϵ𝑠𝑒𝑛𝑠𝑜𝑟| (24) 

4.1 FBRs with a sawtooth profile 

Figure 7 (a) presents the sawtooth temperature profile at the outlet of FBRs during the quasi-

steady-state condition. The temperature measurement from sensors (Eqn. (22)) with two 

different dimensionless time constants (𝜏𝑠
∗ = 0.2 𝑎𝑛𝑑 0.5) is also presented in Fig. 7 (a). For 

the sawtooth profile (despite different temperature profiles from sensors with different time 

constants), the predicted effectiveness from both sensors is calculated to be the same, and 

also the effectiveness from sensors is equal to the actual effectiveness. Thus, the effectiveness 

of FBRs with the sawtooth outlet temperature is not sensitive to the time constant of the 

sensor. In other words, Δϵ is equal to zero at different dimensionless time constants (𝜏𝑠
∗). 

However, the shape of the temperature profile is not precisely captured with sensors, and the 

temperature swing cannot be obtained accurately (Δ𝑇𝑠𝑒𝑛𝑠𝑜𝑟 and  Δ𝑇𝑎𝑐𝑡𝑢𝑎𝑙 in Fig. 7 (a) are 

presented for τs
∗ = 0.2 only). Additionally, the ratio of  Δ𝑇𝑠𝑒𝑛𝑠𝑜𝑟 Δ𝑇𝑎𝑐𝑡𝑢𝑎𝑙⁄  decreases when 

the time constant increases, as depicted in Fig.7 (b). In this figure, the sensor measured 

temperature difference over the period (temperature swing) is about 6% of the actual FBR 

temperature difference for 𝜏𝑠
∗ = 2. In other words, with increasing sensor time constant (to 

two times as recovery period), the variation of measured temperature within the period 

decreases significantly; however, the average measured temperature is equal to the actual 

average air temperature (equal effectiveness).  
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(a) 

 

(b)  

 

Figure 7. (a) Quasi-steady-state temperature profile and sensor measurements with two dimensionless time 

constant of 𝜏𝑠
∗ = 0.2 𝑎𝑛𝑑 0.5, and (b) 𝛥𝑇𝑠𝑒𝑛𝑠𝑜𝑟 𝛥𝑇𝑎𝑐𝑡𝑢𝑎𝑙⁄  for FBR with sawtooth temperature ((NTUo=1, 

Cr*=1, and λ=0 ) 

 Experiments can be designed to select the appropriate temperature sensors that capture the 

temperature shape (temperature swing) within a required precision. For example, Fig. 8 (a-

d) shows the required τs
∗ (maximum values) to capture 90 % or 80 % of the temperature swing 

for FBRs with a sawtooth temperature profile over a wide range of design parameters. For 

example, to capture 90% of temperature swing for an FBR (𝑁𝑇𝑈𝑜 = 5 , 𝐶𝑟∗𝑎𝑛𝑑 𝜆 = 0.0), 
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the maximum dimensionless time constant of about 0.06 must be selected (Figure 8 (b)). 

Increasing conduction parameter (λ) has a small effect on the required dimensionless time 

constant (τs
∗).  

(a). Cr*=1, λ=0 (solid line), λ=0.04 (dashed line) (b). Cr*=3, λ=0 (solid line), λ=0.04 (dashed line) 

  
(c). Cr*=5,  λ=0 (solid line), λ=0.04 (dashed line) (d). Cr*=10, λ=0 (solid line), λ=0.04 (dashed line) 

  
Figure 8. The required dimensionless sensor time constant (𝜏𝑠

∗) to capture 80% and 90% of the 

actual temperature swing (𝛥𝑇𝑠𝑒𝑛𝑠𝑜𝑟 𝛥𝑇𝑎𝑐𝑡𝑢𝑎𝑙⁄ = 80% and 𝛥𝑇𝑠𝑒𝑛𝑠𝑜𝑟 𝛥𝑇𝑎𝑐𝑡𝑢𝑎𝑙⁄ = 90%) for λ=0 

(solid), 0.04 (dashed), NTUo=1-10 and Cr*=1,3,5,10 
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(Δ𝑇𝑠𝑒𝑛𝑠𝑜𝑟 Δ𝑇𝑎𝑐𝑡𝑢𝑎𝑙⁄ ) = 0.9 

(Δ𝑇𝑠𝑒𝑛𝑠𝑜𝑟 Δ𝑇𝑎𝑐𝑡𝑢𝑎𝑙⁄ ) = 0.8 

(Δ𝑇𝑠𝑒𝑛𝑠𝑜𝑟 Δ𝑇𝑎𝑐𝑡𝑢𝑎𝑙⁄ ) = 0.9 

(Δ𝑇𝑠𝑒𝑛𝑠𝑜𝑟 Δ𝑇𝑎𝑐𝑡𝑢𝑎𝑙⁄ ) = 0.8 

(Δ𝑇𝑠𝑒𝑛𝑠𝑜𝑟 Δ𝑇𝑎𝑐𝑡𝑢𝑎𝑙⁄ ) = 0.9 

(Δ𝑇𝑠𝑒𝑛𝑠𝑜𝑟 Δ𝑇𝑎𝑐𝑡𝑢𝑎𝑙⁄ ) = 0.8 

(Δ𝑇𝑠𝑒𝑛𝑠𝑜𝑟 Δ𝑇𝑎𝑐𝑡𝑢𝑎𝑙⁄ ) = 0.9 

(Δ𝑇𝑠𝑒𝑛𝑠𝑜𝑟 Δ𝑇𝑎𝑐𝑡𝑢𝑎𝑙⁄ ) = 0.8 
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4.2 FBRs with a semi-sawtooth profile 

Figure 9 (a) presents the semi-sawtooth temperature profile at the outlet of FBRs during a 

quasi-steady-state condition. The temperature measurements from sensors with two different 

dimensionless time constants of 𝜏𝑠
∗ = 0.2 𝑎𝑛𝑑 0.5 are also presented along in Fig. 9 (a). Both 

sensors’ measurements follow the actual air temperature profile. However, the shape of the 

temperature profile and also the effectiveness cannot be measured accurately. Unlike FBRs 

with a sawtooth profile, the sensor temperature measurement does not cross the actual air 

temperature profile of FBRs with semi-sawtooth profiles. Therefore the calculation of the 

temperature swings (Δ𝑇𝑠𝑒𝑛𝑠𝑜𝑟 𝑎𝑛𝑑 Δ𝑇𝑎𝑐𝑡𝑢𝑎𝑙) does not provide any significant insight into the 

relationship between the sensor and the actual temperature swing. Therefore temperature 

swing is not discussed for FBRs with a semi-sawtooth temperature profile. Figure 9 (b) shows 

that the effectiveness measurements from sensors depend on the sensor time constant, and 

the effectiveness error increases significantly with an increase in the sensor time constant.  

At the quasi-steady-state condition, the sensors exposed to a semi-sawtooth 

temperature profile would not measure the temperature and effectiveness correctly. 

Comprehensive results of effectiveness errors (Δϵ in Eqn. 24) for FBRs with semi-sawtooth 

profile at different dimensionless time constant (𝜏𝑠
∗), and longitudinal heat conduction 

parameter (λ) values (over a wide range of the design parameters of NTUo and Cr*) are 

presented in Appendix A. Tables A.1 to A.9 summarize the effectiveness error due to the 

temperature sensor response at different ranges of dimensionless design parameters and time 

constants. Using the values reported in those tables, one can estimate the magnitude of errors 

for sensors with different time constants at specific dimensionless parameters. A practical 

example of the application of the tables provided in Appendix A is presented in the appendix. 
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(a) 

 
(b)  

 

Figure 9. (a) Quasi-steady-state temperature profile and sensor measurements with two dimensionless time 

constant of 𝜏𝑠
∗ = 0.2 𝑎𝑛𝑑 0.5, and (b) effectiveness error (Δε) for FBR with semi-sawtooth temperature 

(NTUo=1, Cr*=1, and λ=0) 

Figure 10 presents the effectiveness error as a function of dimensionless time constant 

(𝜏𝑠
∗) for different design conditions (NTUo=1-10 and Cr*=1-10). According to Fig. 10, the 

effectiveness error increases with an increase in 𝜏𝑠
∗. At smaller NTUo (<2) and Cr*(<2), the 

effectiveness errors are significant, which becomes smaller at higher NTUo(=10) and 

Cr*(=10). The effectiveness error also increases with an increase in the longitudinal 
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conduction parameter (λ), and at higher NTUo(>5) and Cr*(>5) values, the effect of axial 

conduction in the matrix becomes more significant in the effectiveness error.  

  

  
Figure 10. Effectiveness error as a function of τs

∗ at different design parameters of NTUo and Cr* (λ=0, 0.04) 

 

Using the results presented in Appendix A, experiments can be designed to select 

sensors to maintain the effectiveness error within specific ranges. For example, Fig. 11 shows 

the dimensionless time constants that result in effectiveness error (Δε) less than 1%, 2%, and 

3% at different NTUo and Cr* values for λ=0 and 0.04. At small values of Cr*, the 

dimensionless time constant (𝜏𝑠
∗) needs to be smaller for a certain value of effectiveness error. 

And at higher values of NTUo (keeping the same Cr*), a sensor with higher values of 

dimensionless time constant could be used to have a certain effectiveness error. The results 

in Fig. 11 also show that more accurate (smaller sensor time constant) should be used when 

the conduction parameter increases. 
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(a). Cr*=1, λ=0 (solid line), λ=0.04 (dashed line) (b). Cr*=3, λ=0 (solid line), λ=0.04 (dashed line) 

 
 

(c). Cr*=5,  λ=0 (solid line), λ=0.04 (dashed line) (d). Cr*=10, λ=0 (solid line), λ=0.04 (dashed line) 

 
 

Figure 11. The required dimensionless sensor time constant (𝜏𝑠
∗) that results in effectiveness error 

less than 1%, 2% and 3% for NTUo=1-10 and Cr*=1, 3, 5, and 10 

4.3 Testing Standards 

ASHRAE standard 84 [26] and CSA C439-18 standard [25] do not differentiate 

between the FBRs with saw-tooth and semi saw-tooth outlet temperature profiles. The results 

obtained in this study show that the temperature sensor requirements in standards are 

stringent and could be relaxed for FBRs with a saw-tooth outlet temperature profile in terms 
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of effectiveness. Also, the results in Appendix A could be used to determine the requirements 

for temperature sensors of FBRs with a semi saw-tooth temperature profile. The requirements 

for reaching the quasi-steady-state condition in standards are also verified in the previous 

study of the same authors [24].  

5 Conclusions  

The outlet temperature of FBR varies with time both in the initial transient and subsequent 

quasi-steady-state conditions. Hence, it is difficult for the sensors to accurately measure the 

temperature variation due to (i) steep slope of temperature variation and (ii) its exposure to a 

different temperature condition during the previous period. This inaccurate temperature 

measurement affects the effectiveness evaluation during the quasi-steady-state condition. In 

this paper, two distinct outlet temperature profiles for FBRs of positive/negative sawtooth 

and semi-sawtooth profiles are identified (depending on the FBR configurations), and both 

profiles are analyzed for the impacts of temperature measurements using a validated 

numerical model. 

 Regardless of FBRs configurations, the ASHRAE standard 84 and CSA C439-18 standard 

recommend rigorous requirements for the temperature sensors to accurately determine the 

effectiveness of FBRs. The analysis in this paper revealed that the single-core and double-

core FBRs require different considerations for temperature measurement and effectiveness 

determination.  

The main conclusions of the present paper are as follows: 

 For FBRs with a sawtooth outlet temperature profile (double-core FBRs as in the 

ASHRAE standard 84 and CSA C439-18 standard), the effectiveness could be 

accurately measured regardless of sensor time constant. However, the shape of the 
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temperature profile (temperature swing) cannot be captured correctly. The results in 

this paper provide the minimum sensor time constant to capture 80% and 90% of 

temperature swing over a wide range in design parameters. 

 For FBRs with a semi-sawtooth temperature profile (single-core FBRs and some 

double-core FBRS), the effect of sensor response is significant for effectiveness 

estimation. The effectiveness errors due to the response of sensors at a wide range 

of NTUo, Cr*, and λ and at different dimensionless time constants (𝜏𝑠
∗) are evaluated 

and presented in graphs (in the manuscript) and tables (Appendix A) in this paper.   

  At smaller NTUo and Cr*, the effectiveness error due to sensor transient response 

increases for FBRs with a semi-sawtooth temperature profile, and this error is around 

25% for small NTUo and Cr* (≈1) at 𝜏𝑠
∗ = 0.5 . An increase in the axial conduction 

in the matrix increases the effectiveness error, and the effect is more significant at 

higher NTUo and Cr*.  

The test configurations in the ASHRAE standard 84 and CSA C439-18 standard 

produce a sawtooth temperature profile (double-core FBRs), which allows for accurate 

effectiveness measurement. Many double-core FBRs installations produce a sawtooth 

temperature profile on the supply air side, but a semi-sawtooth profile on the exhaust side. 

Thus, sensor time constant and selection needs careful consideration when taking field 

measurements on the exhaust airside. 

The results of the current study will be helpful in developing standard recommendations in 

the future ASHRAE standard 84 and CSA C439-18 standards for testing the air to air energy 

exchangers.  
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Appendix A: Effectiveness error from the transient response of sensors at 

different operating conditions 

The following tables represent the error in effectiveness for different 𝜏𝑠
∗ and λ values over 

the practical ranges of NTUo and Cr*. 

Table A.1: Effectiveness error Δε (%) for λ=0.0. 

Δε (%) @ λ=0.0 

NTUo Cr* 𝜏𝑠
∗=0.01 𝜏𝑠

∗=0.02 𝜏𝑠
∗=0.05 𝜏𝑠

∗=0.1 𝜏𝑠
∗=0.2 𝜏𝑠

∗=0.3 𝜏𝑠
∗=0.5 

1.0 1.0 0.7 1.4 3.5 6.9 13.1 17.8 23.1 

1.0 2.0 0.6 1.2 3.1 6.0 11.6 15.9 21.1 

1.0 3.0 0.6 1.2 2.9 5.7 11.1 15.3 20.4 

1.0 5.0 0.6 1.1 2.7 5.5 10.7 14.9 20.0 

1.0 10.0 0.5 1.1 2.6 5.3 10.4 14.6 19.7 

2.0 1.0 0.7 1.3 3.3 6.3 11.6 15.2 19.0 

2.0 2.0 0.5 1.0 2.5 4.8 9.1 12.1 15.6 

2.0 3.0 0.5 0.9 2.2 4.3 8.2 11.2 14.6 

2.0 5.0 0.4 0.8 2.0 4.0 7.6 10.5 13.8 

2.0 10.1 0.4 0.7 1.9 3.7 7.2 10.0 13.4 

5.0 1.0 0.6 1.3 3.1 5.8 9.9 12.4 14.6 

5.0 2.0 0.4 0.8 1.9 3.5 6.2 8.0 9.7 

5.0 3.0 0.3 0.6 1.5 2.9 5.2 6.8 8.5 

5.0 5.0 0.3 0.5 1.3 2.4 4.5 6.0 7.7 

5.0 10.0 0.2 0.4 1.1 2.1 3.9 5.4 7.1 

7.0 1.0 0.6 1.3 3.0 5.6 9.3 11.5 13.2 

7.0 2.0 0.3 0.7 1.7 3.1 5.4 6.8 8.1 

7.0 3.0 0.3 0.5 1.3 2.5 4.4 5.7 7.0 

7.0 5.0 0.2 0.4 1.1 2.0 3.7 4.9 6.2 

7.0 10.0 0.2 0.3 0.9 1.7 3.2 4.3 5.6 

10.0 1.0 0.6 1.2 2.9 5.3 8.7 10.4 11.8 

10.0 2.0 0.3 0.6 1.4 2.7 4.5 5.6 6.6 

10.0 3.0 0.2 0.5 1.1 2.1 3.6 4.6 5.5 

10.0 5.0 0.2 0.4 0.9 1.7 3.0 3.9 4.8 

10.0 10.0 0.1 0.3 0.7 1.3 2.5 3.3 4.2 
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Table A.2: Effectiveness error Δε (%) for λ=0.02. 

Δε (%) @ λ=0.02 

NTUo Cr* 𝜏𝑠
∗=0.01 𝜏𝑠

∗=0.02 𝜏𝑠
∗=0.05 𝜏𝑠

∗=0.1 𝜏𝑠
∗=0.2 𝜏𝑠

∗=0.3 𝜏𝑠
∗=0.5 

1.0 1.0 0.7 1.4 3.5 6.9 13.1 17.8 23.1 

1.0 2.0 0.6 1.2 3.1 6.0 11.6 16.0 21.2 

1.0 3.0 0.6 1.2 2.9 5.7 11.1 15.4 20.5 

1.0 5.0 0.6 1.1 2.8 5.5 10.7 14.9 20.1 

1.0 10.0 0.5 1.1 2.7 5.3 10.5 14.6 19.8 

2.0 1.0 0.7 1.4 3.3 6.4 11.7 15.4 19.2 

2.0 2.0 0.5 1.0 2.5 4.9 9.2 12.3 15.8 

2.0 3.0 0.5 0.9 2.3 4.4 8.4 11.4 14.8 

2.0 5.0 0.4 0.8 2.0 4.0 7.8 10.7 14.1 

2.0 10.1 0.4 0.8 1.9 3.7 7.3 10.2 13.6 

5.0 1.0 0.7 1.3 3.1 5.8 10.1 12.7 15.1 

5.0 2.0 0.4 0.8 1.9 3.6 6.5 8.3 10.2 

5.0 3.0 0.3 0.6 1.6 3.0 5.5 7.2 9.0 

5.0 5.0 0.3 0.5 1.3 2.5 4.8 6.4 8.2 

5.0 10.0 0.2 0.5 1.1 2.2 4.2 5.7 7.6 

7.0 1.0 0.6 1.3 3.1 5.7 9.6 11.9 13.8 

7.0 2.0 0.4 0.7 1.7 3.2 5.7 7.2 8.7 

7.0 3.0 0.3 0.6 1.4 2.6 4.7 6.1 7.5 

7.0 5.0 0.2 0.5 1.1 2.2 4.0 5.3 6.7 

7.0 10.0 0.2 0.4 0.9 1.8 3.4 4.7 6.1 

10.0 1.0 0.6 1.3 3.0 5.5 9.1 11.1 12.6 

10.0 2.0 0.3 0.6 1.5 2.9 4.9 6.2 7.3 

10.0 3.0 0.3 0.5 1.2 2.3 4.0 5.1 6.2 

10.0 5.0 0.2 0.4 1.0 1.8 3.3 4.4 5.4 

10.0 10.0 0.2 0.3 0.8 1.5 2.8 3.8 4.8 
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Table A.3: Effectiveness error Δε (%)  for λ=0.04. 

Δε (%) @ λ=0.04 

NTUo Cr* 𝜏𝑠
∗=0.01 𝜏𝑠

∗=0.02 𝜏𝑠
∗=0.05 𝜏𝑠

∗=0.1 𝜏𝑠
∗=0.2 𝜏𝑠

∗=0.3 𝜏𝑠
∗=0.5 

1.0 1.0 0.7 1.4 3.6 6.9 13.2 17.9 23.2 

1.0 2.0 0.6 1.2 3.1 6.1 11.7 16.0 21.2 

1.0 3.0 0.6 1.2 2.9 5.7 11.2 15.4 20.6 

1.0 5.0 0.6 1.1 2.8 5.5 10.8 15.0 20.2 

1.0 10.0 0.5 1.1 2.7 5.3 10.5 14.7 19.9 

2.0 1.0 0.7 1.4 3.3 6.4 11.8 15.5 19.4 

2.0 2.0 0.5 1.0 2.5 4.9 9.3 12.4 16.0 

2.0 3.0 0.5 0.9 2.3 4.5 8.5 11.5 15.0 

2.0 5.0 0.4 0.8 2.1 4.1 7.9 10.8 14.3 

2.0 10.1 0.4 0.8 1.9 3.8 7.4 10.3 13.7 

5.0 1.0 0.7 1.3 3.2 5.9 10.3 13.0 15.4 

5.0 2.0 0.4 0.8 2.0 3.7 6.7 8.6 10.6 

5.0 3.0 0.3 0.7 1.6 3.1 5.7 7.5 9.4 

5.0 5.0 0.3 0.6 1.4 2.6 5.0 6.7 8.6 

5.0 10.0 0.2 0.5 1.2 2.3 4.4 6.0 8.0 

7.0 1.0 0.7 1.3 3.1 5.8 9.9 12.2 14.3 

7.0 2.0 0.4 0.7 1.8 3.4 5.9 7.6 9.2 

7.0 3.0 0.3 0.6 1.4 2.8 5.0 6.5 8.0 

7.0 5.0 0.2 0.5 1.2 2.3 4.2 5.6 7.2 

7.0 10.0 0.2 0.4 1.0 1.9 3.7 5.0 6.6 

10.0 1.0 0.7 1.3 3.1 5.6 9.4 11.5 13.1 

10.0 2.0 0.3 0.7 1.6 3.0 5.2 6.7 7.9 

10.0 3.0 0.3 0.5 1.3 2.4 4.3 5.5 6.7 

10.0 5.0 0.2 0.4 1.0 2.0 3.6 4.7 5.9 

10.0 10.0 0.2 0.3 0.8 1.6 3.1 4.1 5.3 
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Table A.4: Effectiveness error Δε (%) for λ=0.06. 

Δε (%) @ λ=0.06 

NTUo Cr* 𝜏𝑠
∗=0.01 𝜏𝑠

∗=0.02 𝜏𝑠
∗=0.05 𝜏𝑠

∗=0.1 𝜏𝑠
∗=0.2 𝜏𝑠

∗=0.3 𝜏𝑠
∗=0.5 

1.0 1.0 0.7 1.4 3.6 7.0 13.2 17.9 23.3 

1.0 2.0 0.6 1.2 3.1 6.1 11.7 16.1 21.3 

1.0 3.0 0.6 1.2 2.9 5.8 11.2 15.5 20.7 

1.0 5.0 0.6 1.1 2.8 5.5 10.8 15.1 20.3 

1.0 10.0 0.5 1.1 2.7 5.4 10.6 14.8 20.0 

2.0 1.0 0.7 1.4 3.3 6.5 11.9 15.6 19.6 

2.0 2.0 0.5 1.0 2.6 5.0 9.4 12.6 16.2 

2.0 3.0 0.5 0.9 2.3 4.5 8.6 11.7 15.3 

2.0 5.0 0.4 0.8 2.1 4.1 8.0 11.0 14.6 

2.0 10.1 0.4 0.8 1.9 3.9 7.6 10.5 14.1 

5.0 1.0 0.7 1.3 3.2 6.0 10.5 13.2 15.8 

5.0 2.0 0.4 0.8 2.0 3.8 6.9 8.0 10.3 

5.0 3.0 0.3 0.7 1.7 3.2 5.9 7.8 9.8 

5.0 5.0 0.3 0.6 1.4 2.8 5.2 6.9 9.0 

5.0 10.0 0.2 0.5 1.2 2.4 4.6 6.3 8.4 

7.0 1.0 0.7 1.3 3.1 5.9 10.1 12.5 14.7 

7.0 2.0 0.4 0.8 1.9 3.5 6.2 7.9 9.7 

7.0 3.0 0.3 0.6 1.5 2.9 5.2 6.8 8.5 

7.0 5.0 0.3 0.5 1.3 2.4 4.5 6.0 7.6 

7.0 10.0 0.2 0.4 1.1 2.1 3.9 5.4 7.0 

10.0 1.0 0.7 1.3 3.1 5.7 9.7 11.9 13.7 

10.0 2.0 0.4 0.7 1.7 3.2 5.5 7.0 8.4 

10.0 3.0 0.3 0.6 1.4 2.6 4.6 6.0 7.3 

10.0 5.0 0.2 0.5 1.1 2.1 3.9 5.1 6.5 

10.0 10.0 0.2 0.4 0.9 1.8 3.4 4.5 5.9 
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Table A.5: Effectiveness error Δε (%) for λ=0.08. 

Δε (%) @ λ=0.08 

NTUo Cr* 𝜏𝑠
∗=0.01 𝜏𝑠

∗=0.02 𝜏𝑠
∗=0.05 𝜏𝑠

∗=0.1 𝜏𝑠
∗=0.2 𝜏𝑠

∗=0.3 𝜏𝑠
∗=0.5 

1.0 1.0 0.7 1.4 3.6 7.0 13.3 18.0 23.4 

1.0 2.0 0.6 1.2 3.1 6.1 11.8 16.2 21.4 

1.0 3.0 0.6 1.2 2.9 5.8 11.3 15.6 20.8 

1.0 5.0 0.6 1.1 2.8 5.6 10.9 15.1 20.4 

1.0 10.0 0.5 1.1 2.7 5.4 10.6 14.8 20.1 

2.0 1.0 0.7 1.4 3.4 6.5 11.9 15.7 19.7 

2.0 2.0 0.5 1.1 2.6 5.0 9.5 12.7 16.4 

2.0 3.0 0.5 0.9 2.3 4.6 8.7 11.8 15.5 

2.0 5.0 0.4 0.9 2.1 4.2 8.1 11.1 14.8 

2.0 10.1 0.4 0.8 2.0 3.9 7.7 10.6 14.3 

5.0 1.0 0.7 1.3 3.2 6.0 10.6 13.5 16.1 

5.0 2.0 0.4 0.8 2.1 3.9 7.1 9.2 11.4 

5.0 3.0 0.4 0.7 1.7 3.3 6.1 8.1 10.2 

5.0 5.0 0.3 0.6 1.5 2.9 5.4 7.2 9.4 

5.0 10.0 0.3 0.5 1.3 2.5 4.8 6.6 8.8 

7.0 1.0 0.7 1.3 3.2 5.9 10.2 12.8 15.1 

7.0 2.0 0.4 0.8 1.9 3.6 6.4 8.3 10.1 

7.0 3.0 0.3 0.6 1.6 3.0 5.4 7.1 8.9 

7.0 5.0 0.3 0.5 1.3 2.5 4.7 6.3 8.1 

7.0 10.0 0.2 0.4 1.1 2.2 4.2 5.7 7.4 

10.0 1.0 0.7 1.3 3.1 5.8 9.9 12.2 14.2 

10.0 2.0 0.4 0.7 1.8 3.3 5.8 7.4 9.0 

10.0 3.0 0.3 0.6 1.4 2.7 4.9 6.3 7.8 

10.0 5.0 0.2 0.5 1.2 2.3 4.2 5.5 7.0 

10.0 10.0 0.2 0.4 1.0 1.9 3.6 4.9 6.4 
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Table A.6: Effectiveness error Δε (%) for λ=0.12. 

Δε (%) @ λ=0.12 

NTUo Cr* 𝜏𝑠
∗=0.01 𝜏𝑠

∗=0.02 𝜏𝑠
∗=0.05 𝜏𝑠

∗=0.1 𝜏𝑠
∗=0.2 𝜏𝑠

∗=0.3 𝜏𝑠
∗=0.5 

1.0 1.0 0.7 1.4 3.6 7.0 13.3 18.1 23.5 

1.0 2.0 0.6 1.3 3.1 6.1 11.8 16.3 21.6 

1.0 3.0 0.6 1.2 2.9 5.8 11.3 15.7 21.0 

1.0 5.0 0.6 1.1 2.8 5.6 11.0 15.3 20.5 

1.0 10.0 0.5 1.1 2.7 5.4 10.7 15.0 20.2 

2.0 1.0 0.7 1.4 3.4 6.5 12.0 15.9 20.0 

2.0 2.0 0.5 1.1 2.6 5.1 9.6 13.0 16.8 

2.0 3.0 0.5 1.0 2.4 4.6 8.9 12.1 15.8 

2.0 5.0 0.4 0.9 2.2 4.3 8.3 11.4 15.1 

2.0 10.1 0.4 0.8 2.0 4.0 7.8 10.9 14.7 

5.0 1.0 0.7 1.3 3.2 6.1 10.9 13.8 16.6 

5.0 2.0 0.4 0.9 2.1 4.1 7.4 9.7 12.0 

5.0 3.0 0.4 0.7 1.8 3.5 6.4 8.5 10.9 

5.0 5.0 0.3 0.6 1.6 3.0 5.7 7.7 10.0 

5.0 10.0 0.3 0.6 1.4 2.7 5.2 7.1 9.4 

7.0 1.0 0.7 1.3 3.2 6.0 10.5 13.3 15.8 

7.0 2.0 0.4 0.8 2.0 3.8 6.8 8.8 10.9 

7.0 3.0 0.3 0.7 1.7 3.2 5.8 7.7 9.7 

7.0 5.0 0.3 0.6 1.4 2.7 5.1 6.9 8.8 

7.0 10.0 0.2 0.5 1.2 2.4 4.6 6.2 8.2 

10.0 1.0 0.7 1.3 3.2 5.9 10.2 12.8 15.0 

10.0 2.0 0.4 0.8 1.9 3.5 6.3 8.1 9.8 

10.0 3.0 0.3 0.6 1.5 2.9 5.3 7.0 8.7 

10.0 5.0 0.3 0.5 1.3 2.5 4.6 6.1 7.8 

10.0 10.0 0.2 0.4 1.1 2.1 4.1 5.5 7.2 
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Table A.7: Effectiveness error Δε (%) for λ=0.16. 

Δε (%) @ λ=0.16 

NTUo Cr* 𝜏𝑠
∗=0.01 𝜏𝑠

∗=0.02 𝜏𝑠
∗=0.05 𝜏𝑠

∗=0.1 𝜏𝑠
∗=0.2 𝜏𝑠

∗=0.3 𝜏𝑠
∗=0.5 

1.0 1.0 0.7 1.5 3.6 7.0 13.4 18.1 23.6 

1.0 2.0 0.6 1.3 3.1 6.2 11.9 16.3 21.7 

1.0 3.0 0.6 1.2 3.0 5.9 11.4 15.8 21.1 

1.0 5.0 0.6 1.1 2.8 5.6 11.0 15.4 20.7 

1.0 10.0 0.5 1.1 2.7 5.5 10.8 15.1 20.4 

2.0 1.0 0.7 1.4 3.4 6.6 12.1 16.1 20.2 

2.0 2.0 0.5 1.1 2.7 5.2 9.8 13.2 17.0 

2.0 3.0 0.5 1.0 2.4 4.7 9.0 12.3 16.1 

2.0 5.0 0.4 0.9 2.2 4.4 8.4 11.6 15.5 

2.0 10.0 0.4 0.8 2.1 4.1 8.0 11.1 15.0 

5.0 1.0 0.7 1.3 3.3 6.2 11.1 14.2 17.1 

5.0 2.0 0.5 0.9 2.2 4.2 7.7 10.1 12.6 

5.0 3.0 0.4 0.8 1.9 3.6 6.7 9.0 11.4 

5.0 5.0 0.3 0.7 1.6 3.2 6.0 8.2 10.6 

5.0 10.0 0.3 0.6 1.4 2.8 5.5 7.5 10.0 

7.0 1.0 0.7 1.3 3.2 6.1 10.8 13.7 16.3 

7.0 2.0 0.4 0.9 2.1 4.0 7.1 9.3 11.5 

7.0 3.0 0.4 0.7 1.7 3.4 6.2 8.2 10.4 

7.0 5.0 0.3 0.6 1.5 2.9 5.5 7.4 9.5 

7.0 10.0 0.3 0.5 1.3 2.6 4.9 6.7 8.9 

10.0 1.0 0.7 1.3 3.2 6.1 10.5 13.2 15.6 

10.0 2.0 0.4 0.8 2.0 3.7 6.7 8.6 10.6 

10.0 3.0 0.3 0.7 1.6 3.1 5.7 7.5 9.4 

10.0 5.0 0.3 0.6 1.4 2.7 5.0 6.7 8.6 
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Table A.8: Effectiveness error Δε (%) for λ=0.20. 

Δε (%) @ λ=0.20 

NTUo Cr* 𝜏𝑠
∗=0.01 𝜏𝑠

∗=0.02 𝜏𝑠
∗=0.05 𝜏𝑠

∗=0.1 𝜏𝑠
∗=0.2 𝜏𝑠

∗=0.3 𝜏𝑠
∗=0.5 

1.0 1.0 0.7 1.5 3.6 7.0 13.4 18.2 23.7 

1.0 2.0 0.6 1.3 3.1 6.2 11.9 16.4 21.8 

1.0 3.0 0.6 1.2 3.0 5.9 11.5 15.9 21.2 

1.0 5.0 0.6 1.1 2.8 5.7 11.1 15.4 20.8 

1.0 10.0 0.6 1.1 2.8 5.5 10.8 15.1 20.5 

2.0 1.0 0.7 1.4 3.4 6.6 12.2 16.2 20.4 

2.0 2.0 0.5 1.1 2.7 5.2 9.9 13.3 17.3 

2.0 3.0 0.5 1.0 2.4 4.8 9.1 12.5 16.4 

2.0 5.0 0.5 0.9 2.2 4.4 8.6 11.8 15.7 

2.0 10.1 0.4 0.8 2.1 4.2 8.2 11.4 15.3 

5.0 1.0 0.7 1.4 3.3 6.3 11.2 14.4 17.5 

5.0 2.0 0.5 0.9 2.3 4.3 7.9 10.4 13.1 

5.0 3.0 0.4 0.8 1.9 3.8 7.0 9.3 12.0 

5.0 5.0 0.3 0.7 1.7 3.3 6.3 8.5 11.1 

5.0 10.0 0.3 0.6 1.5 3.0 5.8 7.9 10.5 

7.0 1.0 0.7 1.3 3.3 6.2 11.0 14.0 16.8 

7.0 2.0 0.4 0.9 2.1 4.1 7.4 9.7 12.1 

7.0 3.0 0.4 0.7 1.8 3.5 6.5 8.6 11.0 

7.0 5.0 0.3 0.6 1.6 3.1 5.8 7.8 10.1 

7.0 10.0 0.3 0.6 1.4 2.7 5.2 7.2 9.5 

10.0 1.0 0.7 1.3 3.3 6.1 10.7 13.6 16.2 

10.0 2.0 0.4 0.8 2.1 3.9 7.0 9.1 11.3 

10.0 3.0 0.4 0.7 1.7 3.3 6.1 8.0 10.1 

10.0 5.0 0.3 0.6 1.5 2.9 5.4 7.2 9.3 
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Table A.9: Effectiveness error Δε (%)  for λ=0.24. 

Δε (%) @ λ=0.24 

NTUo Cr* 𝜏𝑠
∗=0.01 𝜏𝑠

∗=0.02 𝜏𝑠
∗=0.05 𝜏𝑠

∗=0.1 𝜏𝑠
∗=0.2 𝜏𝑠

∗=0.3 𝜏𝑠
∗=0.5 

1.0 1.0 0.7 1.5 3.6 7.1 13.4 18.2 23.7 

1.0 2.0 0.6 1.3 3.1 6.2 12.0 16.5 21.9 

1.0 3.0 0.6 1.2 3.0 5.9 11.5 15.9 21.3 

1.0 5.0 0.6 1.1 2.9 5.7 11.1 15.5 20.9 

1.0 10.0 0.6 1.1 2.8 5.5 10.9 15.2 20.6 

2.0 1.0 0.7 1.4 3.4 6.6 12.3 16.3 20.6 

2.0 2.0 0.6 1.1 2.7 5.3 10.0 13.5 17.5 

2.0 3.0 0.5 1.0 2.5 4.8 9.3 12.6 16.6 

2.0 5.0 0.5 0.9 2.3 4.5 8.7 12.0 16.0 

2.0 10.1 0.4 0.9 2.1 4.2 8.3 11.5 15.5 

5.0 1.0 0.7 1.4 3.3 6.3 11.4 14.7 17.9 

5.0 2.0 0.5 0.9 2.3 4.4 8.1 10.7 13.5 

5.0 3.0 0.4 0.8 2.0 3.9 7.2 9.7 12.4 

5.0 5.0 0.4 0.7 1.8 3.4 6.5 8.7 11.6 

5.0 10.0 0.3 0.6 1.6 3.1 6.0 8.3 11.0 

7.0 1.0 0.7 1.4 3.3 6.3 11.1 14.3 17.2 

7.0 2.0 0.5 0.9 2.2 4.2 7.7 10.1 12.6 

7.0 3.0 0.4 0.8 1.9 3.6 6.8 9.0 11.5 

7.0 5.0 0.3 0.7 1.6 3.2 6.1 8.2 10.7 

7.0 10.0 0.3 0.6 1.5 2.9 5.5 7.6 10.0 

10.0 1.0 0.7 1.4 3.3 6.2 10.9 13.9 16.6 

10.0 2.0 0.4 0.9 2.1 4.0 7.3 9.5 11.9 

10.0 3.0 0.4 0.7 1.8 3.4 6.4 8.4 10.7 

10.0 5.0 0.3 0.6 1.5 3.0 5.7 7.6 9.9 
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Example A.1: 

This example demonstrates the impact of temperature sensor on the system 

performance. Consider a space that requires 10,000 CFM of ventilation air to meet the 

outdoor air requirements. Heat exchanger design parameters and operation conditions, as 

well as the sensor time constant, are presented in Table A.1. 

Table A.1: design and operating conditions 

NTU Cr* λ 
Indoor design 

temperature (°C) 

Outdoor design 

temperature (°C) 

Recovery 

period (s) 

Sensor time 

constant 

5 3 0.04 24 -5 30 6 

 

For this condition, the actual effectiveness of the heat exchanger is 80.2%, and the recovered 

heat would be 13.5kW. With temperature sensors with a time constant of 6 seconds, the 

measured effectiveness is 85.9% (from Table A.3), and hence the predicted recovered heat 

would be 14.5kW. Therefore the measured values overpredict the recovered heat by 1kW at 

the mentioned conditions. If this sensor is located in the buildings, the inaccurate 

measurements caused the systems to add less heat to the supply air and could deteriorate the 

thermal comfort within the building.  

It should be noted that in an actual building, there are other thermal masses in the system that 

might affect the temperature profile that occupant experiences. This model, however, 

considers the sensor time constant and its effect on the measured temperature and 

effectiveness at the outlet of the exchanger only.   

 


