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Abstract
In situ heat systems are a technology that effectively solves paraffin deposition and improves oil recovery. Generally, the 
oxidation–reduction reaction of sodium nitrite and ammonium chloride generates a large amount of heat to promote the 
melting of paraffin. An in situ heat system combined with an acid-resistant fracturing fluid system can form an in situ heat 
fracturing fluid system, which solves the problem of the poor reformation effect caused by cold damage during the fractur-
ing process of low-pressure and high-pour-point oil reservoirs. In this paper, with the goals of system heating up to 50 °C, 
a low  H+ concentration, a high exotherm, and reduction of the toxic and harmful by-product  NOX, the preferred in situ heat 
system was found to comprise 1.6 mol/L ammonium chloride, 1.0 mol/L sodium nitrite, and 0.8% hydrochloric acid. The 
effect of five factors on the heat production of the reaction was studied experimentally, and a reaction kinetic equation for the 
in situ heat system was proposed based on the results. The results showed that increasing the concentration of the reactants 
and lowering the ambient temperature produced more heat. The in situ heat system was used to conduct a crude oil cold 
damage elimination experiment, and the results of the removal experiments verified that the system could effectively but 
not completely reduce the cold damage. Overall, the in situ heat fracturing fluid system formed by the preferred in situ heat 
system combined with an acid-resistant fracturing fluid system could avoid cold damage in the formation during construc-
tion and increase the output.

Keywords High-pour-point oil · Cold damage · In situ heat system · Heat generation law · Kinetic

Introduction

With the continuous exploitation of oil, conventional oil 
reserves are gradually decreasing, and the development of 
high-wax and heavy oil reservoirs has been receiving more 
attention. However, the process of oil and gas exploitation 
is often accompanied by formation or pipeline blockage 
due to wax and heavy oil condensation, which reduces the 
economic benefits of oilfield development (Goenka et al. 
2014). Presently, formation stimulation treatments, including 

paraffin solvent and inhibitor injection (McSpadden et al. 
1986) and steam injection mining (Matus and Mamora 
2005), have a short effect time, low economic yield, and 
certain limitations. For example, the injection of paraffin 
solvents and inhibitors poses HSE hazards, the cost of steam 
injection is high, and the injection of strong, high-temper-
ature alkali vapors can cause reservoir damage. In situ heat 
measures can better adapt to this type of problem by heating 
the reservoir and surface production equipment to unblock 
them and extending the time until the next unblocking opera-
tion (Jamaluddin et al. 1996; Jamaluddin 2000).

In situ heat systems have become an effective technology 
to improve oil recovery and reservoir reconstruction (Davies 
et al. 1981). Presently, common systems include ammonium 
salt and nitrite heat systems and hydrogen peroxide heat sys-
tems. The ammonium and nitrite in the former undergo an 
exothermic chemical reaction under the action of a catalyst 
to generate nitrogen gas, which releases a large amount of 
heat to heat the reservoir around the wellbore and melt the 
paraffin deposited in the tubing and reservoir. The hydro-
gen peroxide in the latter releases a large amount of heat 
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and oxygen; however,  H2O2 has strong oxidizing properties. 
As its concentration increases, its activity increases; a large 
amount of oxygen is generated after decomposition, and the 
safety hazard grows (Bayless 1997).

The most widely used in situ heat system is composed 
of sodium nitrite and ammonium chloride. It has achieved 
good results in paraffin deposit removal (Qamruzzaman et al. 
2020; Meagan et al. 2018; Al-Yaari 2011), heavy oil produc-
tion promotion (Olalekan 2019; Al-Nakhli et al. 2016), res-
ervoir reconstruction (Zhang et al. 2020), hydrate production 
promotion (Denney 2008; Evangelista et al. 2009; Demirbas 
2010; Feng et al. 2018; Li et al. 2015; Song et al. 2016; 
Wang et al. 2014; Li et al. 2018), condensate removal in 
condensate reservoirs (Hassan et al. 2019a, b), and removal 
of emulsion blockages caused by oil-based mud (Olalekan 
2020). Reconcavo Basin wells in NE Brazil, X field in west-
ern India, 174 fields in South Marsh Island, Fruitvale field in 
California, USA, and NPR 3 field in Casper, Wyoming, all 
have good effects for paraffin removal (Nelson et al. 2003; 
Mitchell et al. 1984). The in situ heat systems used in oil 
fields in Saudi Arabia, Malaysia, West Texas, and Kansas 
have shown good heat generation and plug removal effects 
(Al-Taq et al. 2014; Saidu Mohamed 2013). Adding an 
in situ heating system to fracturing and acidification work-
ing fluid can also solve the problem of cold damage to the 
fluid, which solves the problem of working fluid cold injury 
in X field in northwestern India and a field in northeast 
Brazil (Tiwari et al. 2014; Khalil et al. 1990; Shaoul et al. 
2009). Moreover, adding emulsifiers and paraffin solvents 
to an in situ heat system can promote paraffin dissolution 
and has a good effect on the removal of paraffin deposits 
from ground equipment and pipelines. The Gulf of Mexico 
uses an in situ heat system to remove paraffin deposits from 
ground equipment and pipelines to obtain economic benefits 
(Rollins and Taylor 1959; Collesi et al. 1987).

Targeting the cold damage of wax deposition as a research 
target, Xie has used crude oil to damage a core to simulate 
cold damage of a reservoir and found that the results of such 
damage are irreversible (Xie 2020). Amjed Hassan has intro-
duced an in situ heat system in tight and low-permeability 
reservoirs and quantified the effect of thermochemical treat-
ment on improving the productivity of low-permeability 
water plugging cores (Hassan et al. 2019a, b). Via a core 
experiment, Amjed Hassan has also found that an in situ 
heat system can effectively improve the flow conditions of 
shale through heat generation and gas production (Hassan 
et al. 2020). Through various experiments and kinetic stud-
ies, Felipe has demonstrated the law of nitrite and  H+ con-
centration on the formation of  NOX in reaction systems and 
found that high concentrations of both will increase the sys-
tems’ heat generation while simultaneously producing more 

brown–red gaseous  NOX, which is harmful to the environ-
ment and biological health (Felipe 2019). Ashton believed 
that there is an optimal catalyst concentration based on pH 
value and that the concentration range should ensure that 
the system pH value is between 5.0 and 8.0; the reaction rate 
is largest when the pH value is 5.0 and smallest when the 
pH value is 8.0 (Ashton et al. 1989). Cheng has combined 
an in situ heat system with autogenous acid to conduct an 
experimental study on the gas production of in situ heat sys-
tems, deriving the system’s reaction kinetic equation based 
on the gas production (Cheng et al. 2019).

This paper aims to study the influence of several reaction 
parameters (i.e., type and concentration of heat-generating 
agent, type and concentration of catalyst, and ambient tem-
perature) on the heat-generating capacity of a heat-gener-
ating system of sodium nitrite and ammonium chloride. A 
kinetic study based on the heat generation of the system is 
conducted. With the goals of heating up to 50 °C and reduc-
ing the by-product  NOX, a heat-generating formula with a 
low  H+ concentration is proposed. This in situ heat system 
is combined with hydrophobic polymer fracturing fluid to 
form an in situ heat fracturing fluid system with effective 
cross-linking and complete gel breaking. High-pour-point oil 
is used to displace the formation core to simulate formation 
cold damage, and then, the optimized in situ heat system is 
introduced to remove the cold damage. The system’s effect is 
analyzed from the perspective of macroscopic permeability 
changes and scanning electron microscope images. Overall, 
in low-pressure reservoirs containing high-pour-point oil, 
the use of in situ heat fracturing fluid for reservoir recon-
struction compared with conventional fracturing fluid sys-
tems could effectively avoid cold damage and improve the 
effect of stimulation.

Experimental materials and methods

Experimental materials and instruments

Experimental materials

The chemicals used in this study included sodium nitrite 
 (NaNO2), ammonium chloride  (NH4Cl), hydrochloric acid 
(37% HCl), sulfamic acid  (NH2SO3H), citric acid (CA), 
and urea  (CH4N2O); these chemicals were purchased from 
Sinochem Reagent Co., Ltd. Distilled water was used to dis-
solve the above compounds. The study also used a certain 
reservoir waxy crude oil, artificial sandstone core (a certain 
reservoir sandstone powder was used to make the core; core 
permeability: 38.8 mD, core radius: 1.26 cm, and length: 
6.98 cm), and N80 standard corroded steel sheets.
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Experimental instruments

In this study, a self-made airtight heat preservation container 
was used; as Fig. 1 shows, the objective of measuring accu-
rate temperature values was achieved using heat preserva-
tion materials to isolate the reaction container from contact 
with the air. A rotating disk apparatus (Fig. 2), core flooding 
device (Fig. 3), gas chromatograph, rheometer, and water 
bath were also used.

Experiment

Performance evaluation of in situ heat system 
and optimization of heat‑generating agent

Peak temperature At a room temperature of 20 °C, a con-
trol experiment was performed to analyze the relationship 
between the peak temperatures of the two types of in situ 

heat systems and the changes in the concentrations of the 
reaction components. Here, 10 concentration control groups 
were set, with a concentration gradient of 0.5 mol/L and 
a concentration range of 1–3 mol/L. Then, 2% HCl was 
selected for the in situ heat system of  NaNO2 and  NH4Cl 
(system A), and CA of the same proportion was selected for 
the in situ heat system of  NaNO2 and (CO(NH2)2) (system 
B). The total volume of each group’s solution was 100 mL. 
The temperature measurement experiment was performed in 
the self-made airtight heat preservation container,1 and the 
temperature recording was performed every minute. When 
the temperature began to decrease, the experiment recording 
was stopped. Tables 1 and 2 show the experimental results. 

Gas production At a room temperature of 20 °C, system 
A was selected for the pressure-boosting performance test. 
The concentration gradient was set to 0.5 mol/L and the 
concentration range to between 1 and 2.5 mol/L. The total 
volume of each group solution was 500 mL. The pressure 
measurement experiment was performed with the rotating 
disk apparatus, and the pressure recording was performed 

Fig. 1  Self-made airtight heat preservation container

Fig. 2  Rotating disk apparatus

Fig. 3  Core flooding device

Table 1  Relationship between reactant concentration and peak tem-
perature in system A

Reactant concentration 
(mol/L)

Peak temperature ( °C) Arrival 
time 
(min)

1.0 55 10
1.5 68 10
2.0 75 9
2.5 86 6
3.0 90 2

1 The self-made airtight heat preservation container used sponge and 
other heat-preserving materials to wrap the in situ heat reaction vessel 
to achieve the purpose of the heat preservation test.
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every minute. When the pressure was constant, the experi-
ment recording was stopped.

At a room temperature of 20 °C, 1 mol/L of system A and 
1 mol/L of system B were selected for pressure-boosting 
performance testing. The total volume of each group solu-
tion was 500 mL. The pressure measurement experiment was 
performed with the rotating disk apparatus, and the pressure 
recording was performed every minute. When the pressure 
was constant, the experiment recording was stopped.

Causticity A total of 1 mol/L of system A and 1 mol/L of 
system C were selected for the corrosion performance test. 
The total volume of each group solution was 250 mL. The 
solutions were placed in water maintained at a constant tem-
perature of 65 °C for 2 for the static corrosion test. The cor-
rosion state of the in situ heat systems on an N80 steel sheet 
was tested, and the corrosion rate was calculated. Table 3 
shows the experimental results.

Study on the influence factors of heat generation 
of the in situ heat system of sodium nitrite and ammonium 
chloride

Effect of the type of heat-generating agent on the heat gen-
eration rate The type of heat-generating agent is the key 
factor that determines the heat-generating performance of 
systems under the same environmental conditions. However, 
the agent’s heat-generating reaction will be greatly affected 
by different catalysts, concentrations, ambient temperatures, 
and other conditions. The type of heat-generating agent was 
optimized to determine the basic structure of the heat-gen-
erating system.

At a room temperature of 20 °C, a temperature perfor-
mance evaluation experiment with different concentrations 
of the in situ heat systems was conducted. Both system A 
and system C had a concentration gradient of 0.5 mol/L and 
a concentration range of 1–3 mol/L. A total of 10 solutions 
comprised the control group, and the total volume of each 
group of solutions was 100 mL. The temperature measure-
ment experiment was conducted in the self-made sealed 
thermal insulation instrument; temperature records were 
taken every minute, and the recording was stopped when 
the temperature began to drop. Figures 4 and 5 show the 
experimental results.

Table 2  Relationship between reactant concentration and peak tem-
perature in system B

Reactant concentration 
(mol/L)

Peak temperature ( °C) Arrival 
time 
(min)

1.0 77 13
1.5 91 9
2.0 99 4
2.5 112 4
3.0 116 1

Table 3  Corrosion rate of the different in situ heat systems

Different in situ heat systems Corrosion time (h) Corrosion 
rate (g/
[m2h])

System A 2 80.42
System B 2 331.635
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Fig. 4  Heating performance of different concentrations of  NaNO2 and 
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Effect of the concentration of heat-generating agent on 
the heat generation rate The changes in the heat generation 
value were observed and recorded to determine the concen-
tration changes of the heat-generating agent. According to 
the comparative analysis of the temperature and pressure 
theoretical data of the heat-generating reaction and the 
experimental data, it was determined that the change of the 
reactant concentration ratio of system A affected the heat-
generating performance. Under the relevant experimental 
conditions, e.g., room temperature of 20 °C, the reaction 
did not reach the 100% reaction degree and stayed generally 
below 50%. The concentration of the heat-generating agent 
was optimized to optimize the heat generation value of the 
heat-generating system (Fig. 6).

(1) At a room temperature of 20 °C, the temperature rise 
performance of  NH4Cl at different concentrations was 
evaluated and analyzed. The concentration of  NaNO2 
was 1 mol/L. Using 1% HCl, the effect of different con-
centrations of  NH4Cl on the heating performance was 
observed. Here, 11 groups of  NH4Cl solutions were 
set with a concentration gradient of 0.1 mol/L and a 
concentration range of 1–2 mol/L. These groups were 
then mixed with 11 groups of 1 mol/L  NaNO2 solution 
and 1% HCl; the total volume of each group solution 
was 100 mL. The temperature measurement experi-
ments were conducted in self-made sealed thermal 
insulation instruments. The temperature was recorded 
every minute, and the influence of the concentration of 
 NH4Cl on the temperature performance was compared 
and analyzed. The experiment recording was stopped 
when the temperature began to drop. Figure 7 shows 
the experimental results.

(2) At a room temperature of 20 °C, the temperature rise 
performance of  NaNO2 at different concentrations was 
evaluated and analyzed. The  NH4Cl concentration was 
1 mol/L, using 1% HCl, and the effect of different con-
centrations of  NaNO2 on the heating performance was 
observed. Here, 11 groups of  NaNO2 solutions were set 
with a concentration gradient of 0.1 mol/L and a con-
centration range of 1–2 mol/L. These solution groups 
were mixed with 11 groups of 1 mol/L  NH4Cl solu-
tion and 1% HCl, and the total volume of each group 
solution was 100 mL. The temperature measurement 
experiments were conducted in the self-made sealed 
thermal insulation instrument. The temperature was 
recorded every minute, and the influence of the concen-
tration of  NaNO2 on the temperature rise performance 
was compared and analyzed. The experiment record-
ing was stopped when the temperature began to drop. 
Figure 8 shows the experimental results.

Effect of the catalyst type on the heat generation rate 
When various conditions are fixed, changing the type of 
catalyst could effectively control the system heating rate. 
The same initial temperature (20 °C) was selected for the 
laboratory test, allowing the heat-generating agent to react 
under adiabatic conditions. The relationship between the 
catalyst and the heat generation rate was studied and dis-
cussed by changing the type of catalyst. The type of catalyst 
was optimized to optimize the heat generation value of the 
heat-generating system.

At a room temperature of 20  °C, a 100 mL solution 
comprising 1 mol/L of  NaNO2 and 2 mol/L of  NH4Cl (to 
ensure the maximum reaction progress) was tested for a heat 
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generation reaction. Here, HCl, sulfamic acid, and CA were 
selected for the experiment. The concentration of each cata-
lyst was 1%, 2%, 3%, and 4%. Temperature measurement 
experiments were conducted in the self-made sealed ther-
mal insulation instrument. The temperature was recorded 
every minute, and the influence of the effect of the catalyst 
type on the temperature rise performance was compared and 
analyzed. The experiment recording was stopped when the 
temperature began to drop. Figures 9, 10 and 11 show the 
experiment results.  

Effect of the catalyst concentration on the heat genera-
tion rate According to the experimental data of the catalyst 
optimization and the analysis of the related results, both the 
optimal catalyst type and optimal catalyst concentration 

were determined for the in situ heat system. The changes in 
the heating rate and peak temperature did not have a positive 
correlation with the reaction rate. The catalyst concentration 
was optimized to optimize the heat generation value of the 
heat-generating system.

(1) At a room temperature of 20 °C, a 100 mL solution 
comprising 1 mol/L of  NaNO2 and 2 mol/L of  NH4Cl 
(to ensure the maximum reaction progress) was tested 
for a heat generation reaction. Here, HCl was used in 
the concentration range of 0.4–2%, and the concentra-
tion gradient was 0.2%. The temperature measurement 
experiment was conducted in the self-made sealed 
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thermal insulation instrument. The temperature was 
recorded every minute, and the effect of the catalyst 
concentration on the temperature rise performance was 
compared and analyzed. The experiment recording was 
stopped when the temperature began to drop. The best 
catalyst concentration was found, and Fig. 12 shows the 
experimental results.

(2) According to the results of the above experiment, the 
optimal catalyst concentration range of this concen-
tration of heat-generating agent was determined. At a 
room temperature of 20 °C, a 100 mL solution com-
prising 1 mol/L of  NaNO2 and 2 mol/L of  NH4Cl (to 
ensure the maximum reaction progress) was tested for 
a heat generation reaction. Here, HCl was used in the 
concentration range of 0.6%–1.2%, and the concentra-
tion gradient was 0.1%. The temperature measurement 
experiment was conducted in the self-made sealed 
thermal insulation instrument. The temperature was 
recorded every minute, and the effect of the catalyst 
concentration on the temperature rise performance was 
compared and analyzed. The experiment recording was 
stopped when the temperature began to drop. The best 
catalyst concentration was found, and Fig. 13 shows the 
experimental results.

Effect of ambient temperature on the heat generation rate 
Ambient temperature is an essential factor that affects the 
progress of chemical reactions. Generally, a high-temper-
ature environment will promote an endothermic reaction 
and increase its degree of progress but inhibit the forward 
progress of an exothermic reaction and reduce its degree 
of progress. Herein, the reaction of the in situ heat system 

was exothermic, so it was speculated that as the ambient 
temperature increased, the peak temperature of the reaction 
would decrease and the heating rate would greatly increase. 
Six control groups with different ambient temperatures were 
selected for the experiment to observe the influence of the 
environmental temperature on the in situ heat system.

The clear water used in the experiment was heated to 
10 °C, 20 °C, 30 °C, 40 °C, 50 °C, and 60 °C, and after the 
temperature stabilized, six groups of 100 mL solutions with 
different temperature gradients were prepared. The solution 
included 1 mol/L of  NaNO2, 2 mol/L of  NH4Cl (to ensure 
the maximum reaction progress), and 1% of the 1# catalyst. 
Temperature measurement experiments were conducted in 
the self-made sealed thermal insulation instrument, and the 
temperature was recorded every minute. The effect of the 
ambient temperature on the temperature rise performance 
was compared and analyzed, and the experiment recording 
was stopped when the temperature began to drop. Figure 14 
shows the experiment results.

Experiment on in situ heat systems’ ability to remove cold 
damage

The cold damage of waxy high-pour-point oil was the 
primary problem addressed in this study. A certain reser-
voir containing waxy high-pour-point oil was used as the 
research object. Crude oil composition, wax melting point, 
wax precipitation point, and freezing point experiments 
were conducted to determine the basic physical proper-
ties of the crude oil and the experimental heat-generating 
agent’s concentration range. The waxy high-pour-point oil 
from the certain reservoir was used to perform cold damage 
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displacement on an artificial core, and the selected in situ 
heat system was used to perform the damage removal experi-
ment on the core. Based on scanning electron microscope 
photographs and macroscopic permeability changes, the sys-
tem’s removal of the cold damage was observed.

(1) At a room temperature of 20 °C, a gas chromatograph 
was used to detect the composition of crude oil; Fig. 15 
shows the specific experimental setup. The wax melt-
ing point and wax precipitation point experiments of 
the crude oil were conducted by a rheometer, and the 
values were determined by curve fitting. The freezing 
point experiment used the pour point method for detec-
tion. Table 4 shows the experimental data of the wax 

melting point, wax precipitation point, and freezing 
point.

(2) At a room temperature of 20  °C, 1 L of standard 
saline (NaCl:CaCl2:MgCl2·6H2O = 7:0.6:0.4) was 
prepared. A core damage device was used to con-
duct a core displacement damage experiment. In the 
experiment, the flow rate of the flowing medium was 
lower than the critical flow rate, and the flow rate and 
pressure difference were stabilized; then, the pres-
sure difference and flow rate were recorded. Standard 
salt water was used to measure the core permeabil-
ity  (K1) before damage. The formation crude oil was 
displaced, followed by the standard salt water. The 
permeability  (K2) after damage was measured, and 
the core damage curve was drawn. Figure 16 shows 
the experimental results.

(3) At a room temperature of 20 °C, 1 L of standard 
saline and 1 L of the in situ heat system (1.6 mol/L 
ammonium chloride, 1.0 mol/L sodium nitrite, and 
0.8% HCl) were prepared. The core damage device 
was used to conduct a core displacement damage 
experiment. In the experiment, the flow rate of the 
flowing medium was lower than the critical flow 
rate, and the flow rate and pressure difference were 
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Fig. 15  Oil phase chromatography results

Table 4  Wax melting point, wax precipitation point, and freezing 
point of the formation crude oil

Sample Wax melting 
point ( °C)

Wax precipita-
tion point ( °C)

Freezing point 
( °C)

Formation 
crude oil

50 40 14

Fig. 16  Experimental results of crude oil cold damage
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stabilized; then, the pressure difference and flow 
rate were recorded. Standard salt water was used to 
measure the core permeability  (K1) before damage. 
The formation crude oil was displaced, followed by 
the standard brine. The standard brine was finally 
displaced; the permeability  (K2) after the cold dam-
age was measured, and the core damage curve was 
drawn. The heat system was displaced after the cold 
damage to relieve the damage caused by the crude 
oil. Figure 17 shows the experimental results.

(4) At a room temperature of 20 °C, three sets of cores 
that one were not damaged, one were damaged 
by crude oil, and one damaged by crude oil were 
removed to prepare SEM samples. The pores of 
the three cores were observed by scanning electron 
microscopy, and Figs. 18, 19 and 20 show the experi-
mental results.

Fig. 17  Experimental results of crude oil cold damage relief

Fig. 18  Undamaged core pore structure (scanning electron microscope images)
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Experimental results and discussion

Performance evaluation of in situ heat systems 
and optimization of heat‑generating agent

Peak temperature

The peak temperature was the highest temperature the 
in situ heat systems could reach and directly determined 
the systems’ heating performance. Laboratory experi-
ments were performed on the peak temperature of differ-
ent heat-generating systems, and different heat-generating 
agents were selected. In Tables 1 and 2, in terms of heat-
ing performance, both the peak temperature and the peak 
temperature arrival time were the best for system B. In 
the experiments, it was found that the system of urea and 

sodium nitrite produced a large amount of brown gas, i.e., 
the by-product  NOX.

Gas production

The heat energy and gas production of the in situ heat 
systems were the main indicators used to evaluate the 
performance, as they directly affected the performance of 
the entire working fluid system. Different types of heat-
generating agents directly led to different heat energy and 
gas production performance in the systems.

Figure 21 shows that the greater the concentration of 
the heat-generating agent, the greater the rate of the heat-
generating reaction. The 2.5 mol/L heat-generating agent 
concentration had the highest reaction peak pressure and 
the fastest heat generation rate. The higher the concen-
tration of the heat-generating agent, the faster the peak 
pressure of the heat-generating reaction was reached. In 
Fig. 22, the peak pressure and reaction rate of the two 

Fig. 19  Damaged core pore (scanning electron microscope images)
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Fig. 20  Core pore after damage removed (scanning electron microscope images)
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Fig. 21  Pressure-boosting performance of different concentrations of 
heat-generating agents
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Fig. 22  Pressure-boosting performance of different in  situ heat sys-
tems
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systems are compared. It was found that the peak pressure 
of system B was greater than the peak pressure of system 
A. Thus, system B had a better pressure-boosting perfor-
mance and larger gas production.

Causticity

The main indicators for evaluating the performance of the 
in situ heat systems, except for heat energy and gas produc-
tion, included the evaluation of the corrosion status of the 
downhole oil string.

In Table 3, at the same molar concentration, the corro-
sion rate of system B was greater than that of system A; the 
bumping phenomenon was obvious, and the corrosion was 
strong.

Through the analysis of the three performance evaluation 
experiment results of the peak temperature, gas production, 
and causticity, the heat generation, gas production, and cor-
rosivity of system A were lower than those of system B. 
From the perspective of economic costs and on-site con-
struction safety, the heat-generating agent content of the 
urea and sodium nitrite system was approximately twice 
that of the ammonium chloride and sodium nitrite system; 

the reaction was relatively violent, and the potential safety 
hazard was greater. The heat generation and gas production 
capacity of the latter system was more in line with engineer-
ing applications and produced lower corrosion; therefore, 
it would be safer and more practical to choose this system.

Study on the influence factors of heat generation 
of the in situ heat system of sodium nitrite 
and ammonium chloride

Effect of the type of heat‑generating agent on the heat 
generation rate

The experimental data in Figs. 4 and 5 are the changes in 
absolute temperature with time. As shown, the greater the 
concentration of the heat-generating agent, the higher the 
peak temperature and the faster the rate of heat generation. 
The peak temperature of the concentration of 3 mol/L was 
the largest, and the rate of heat generation was the fastest.

Figure 4 compares the peak temperature of the differ-
ent concentrations of heat-generating agents in each group. 
The peak temperature and heat generation rate of system B 
were greater than those of system A. The difference in peak 
temperature of the adjacent experimental groups of system B 
was more average, and the temperature rise was more stable 
and better than that of system A. Thus, the heat generation 
efficiency of system B was better. However, the heat and 
gas production capacity of the heat-generating system of 
ammonium chloride and sodium nitrite was more suitable 
for engineering applications, and the degree of corrosion 

Table 5  Peak temperature and 
arrival time of the system with 
different catalyst concentrations

Catalyst concen-
tration (%)

HCl Sulfamic acid Citric acid

Peak tempera-
ture ( °C)

Arrival time 
(min)

Peak tempera-
ture ( °C)

Arrival time 
(min)

Peak tempera-
ture ( °C)

Arrival 
time 
(min)

1 50 44 53 21 53 34
2 44 19 59 10 53 23
3 35 16 42 3 50 17
4 20 16 40 2 49 17

Table 6  Peak temperature and arrival time of the system with differ-
ent 1 # catalyst concentrations

HCl concentration (%) Peak temperature ( °C) Arrival 
time 
(min)

0.4 49 50
0.6 50 48
0.7 50 41
0.8 51 43
0.9 51 36
1.0 51 43
1.1 51 29
1.2 51 34
1.4 49 30
1.6 49 22
1.8 47 21
2.0 44 17

Table 7  Peak temperature and arrival time of different temperature 
gradients

Ambient temperature ( °C) Peak temperature ( °C) Arrival 
time 
(min)

10 54 25
20 51 29
30 44 8
40 40 5
50 32 5
60 26 3
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was lower; hence, it would be safer and more practical to 
choose this system (Tables 5, 6, 7).

Effect of the concentration of heat‑generating agent 
on the heat generation rate

Figures 7 and 8 clearly show that the concentration of the 
heat-generating agent was directly proportional to the reac-
tion degree and reaction rate of the system. As the con-
centration of a certain heat-generating agent continued to 
increase, the reaction degree increased, the reaction rate 
increased, and the peak temperature rose.

Table 8 provides the peak temperature of each heat-gen-
erating agent concentration in this experiment. In experi-
ment (1), the temperature changes in the three groups of 
1–1.1, 1.3–1.4, and 1.6–1.7 mol/L were obvious. The differ-
ence between the peak temperature of adjacent concentra-
tions was defined as  Ti–Ti − 1 (i = 2, 3, …, 11; i is the group 
name), and the average value of the difference was 1.8 °C. 
A higher concentration of  NH4Cl generated heat faster and 
reached the heat peak faster. In experiment (2), the tempera-
ture changes in the three groups of 1.1–1.2, 1.2–1.3, and 
1.8–1.9 mol/L were obvious as well. The difference between 
the peak temperature of adjacent concentrations was defined 
as Ti − Ti−1 (i = 2, 3, …, 11), and the average value of the 
difference was 2.6 °C. A higher concentration of  NaNO2 
generated heat faster and reached the heat peak faster. In the 
experiment, it was found that as the concentration of sodium 
nitrite increased, the system produced a large amount of 
brown gas, i.e., by-product  NOX. As the concentration of 
ammonium chloride increased, the amount of brown gas 
produced decreased.

Upon comparing the heating performance of  NaNO2 
and  NH4Cl, the magnitude of their influence on the heat-
generating reaction was analyzed. According to the differ-
ence in peak temperature, when the concentration ratio of 
the heat-generating agent approached one, changing the 

concentration of  NH4Cl could significantly promote the sys-
tem reaction. As the concentration of the heat-generating 
agent increased, the promoting effect of  NaNO2 became 
more obvious, and the rate of temperature increase continu-
ously rose. Thus, by increasing the concentration of a certain 
heat-generating agent, the heat-generating reaction was pro-
moted, the reaction rate was increased, and the temperature 
rise performance was improved. The experiment determined 
that the optimal concentration of the heat-generating agent 
was 1.6 mol/L  NH4Cl and 1.0 mol/L  NaNO2.

Effect of the catalyst type on the heat generation rate

Here, HCl, sulfamic acid, and CA were chosen as the cata-
lysts of  NaNO2 and  NH4Cl. At the catalyst concentrations 
of 1% and 2%, the temperature rise rate of sulfamic acid 
was the fastest and the peak temperature the largest. The 
peak temperature of HCl was lower than that of CA. At the 
catalyst concentrations of 3% and 4%, the peak temperature 
of CA was the largest, and the peak temperature of HCl 
was the lowest. The heating rate of sulfamic acid was the 
fastest, that of HCl was the second fastest, and that of CA 
was the slowest. In the experiment, it was found that as the 
concentration of the catalyst increased, the system produced 
a large amount of brown gas, i.e., by-product  NOX. Hence, 
a catalyst with a low  H+ concentration and high heat release 
should be selected.

A comprehensive experimental data analysis showed that 
at the 1% and 2% concentrations, the temperature rise per-
formance of sulfamic acid was the best and reached the peak 
temperature faster. However, among the 3% and 4% concen-
trations, CA had better catalytic efficiency and reached the 
peak temperature faster. The temperature rise performance 
of the same catalyst in different concentration ranges also 
differed. The temperature rise performance of the heat-gen-
erating reaction did not have a positive correlation with the 

Table 8  Peak temperature of 
different heat-generating agent 
concentrations

Number Heat-generating agent concen-
tration (mol/L)

Peak temperature of 1.0 mol/L 
 NaNO2 ( °C)

Peak temperature of 
1.0 mol/L  NH4Cl ( °C)

1 1.0 36 36
2 1.1 42 36
3 1.2 42 40
4 1.3 42 49
5 1.4 47 51
6 1.5 48 53
7 1.6 48 53
8 1.7 52 55
9 1.8 52 56
10 1.9 54 61
11 2.0 54 62

(2021) 11:1943–1961Journal of Petroleum Exploration and Production Technology 



1956 

1 3

reaction rate, and the optimal catalyst concentration existed. 
The optimal catalyst concentration of the CA was relatively 
high, and a large amount of the harmful by-product  NOX 
was produced.

As sulfamic acid has strong oxidizing properties, it can 
oxidize  NaNO2 and affect the progress of the heat-generating 
reaction; thus, its concentration effect will not be discussed 
here.2

Effect of the catalyst concentration on the heat generation 
rate

According to the heat-generating reaction results of the dif-
ferent catalyst concentrations, it was observed that there was 
an optimal concentration of catalyst in the system. As the 
concentration of HCl increased, the peak temperature of 
the system rose and then decreased; the overall temperature 
increase rate of the system showed an upward trend, and the 
optimal catalyst concentration existed in the system. The 
0.4% HCl system had a poor heating performance, a low 
heating rate, and a peak temperature of 49 °C. As the HCl 
catalyst concentration increased, the system heating perfor-
mance was enhanced, the heating rate was accelerated, and 
the peak temperature continued to rise. The maximum peak 
temperature was reached at 0.8% HCl. When the concentra-
tion of HCl was greater than 1.2%, the system heating rate 
gradually increased, but the peak temperature continued to 
decrease, as did the heat generation efficiency. Thus, under 
this concentration of heat-generating agent, the optimal 
catalyst concentration should be screened within a range of 
0.8%–1.2% according to the actual heating rate.

Effect of the ambient temperature on the heat generation 
rate

According to the heating curve prepared from the experi-
mental data, the reaction between  NaNO2 and  NH4Cl was 
in accordance with the general rule of exothermic reactions. 
As the ambient temperature increased, the reaction degree 
decreased, the peak temperature decreased, and the rate of 
temperature increase greatly increased.

The temperature rise rate of the system was directly pro-
portional to the ambient temperature. The higher the ambient 
temperature, the faster the temperature rise rate. Therefore, 
the peak temperature of the system was higher at a room 
temperature of 20 °C and below, but at a higher temperature, 
the temperature increase rate of the system greatly increased.

Experiment of cold damage removal by in situ heat 
system

(1) Analysis of physical properties of waxy high-pour-point 
oil in a reservoir

  According to the gas chromatograph results, the main 
peak carbon was C16, the mass fraction with a carbon 
content of less than 16 was 18.7608%, and the mass 
fraction with a carbon content of more than 16 was 
81.2382%. The wax precipitation point of the forma-
tion crude oil was 40 °C, and the wax melting point 
was 50 °C. To relieve cold damage from a reservoir, 
the reservoir temperature must be higher than 50 °C. 
Moreover, based on the wax melting point and wax 
precipitation point, once the formation cold damage 
occurs, a higher temperature is required to remove it.

(2) Experimental results of crude oil cold damage
(3) Experimental results of crude oil cold damage relief
(4) SEM experiment results

According to the results of the crude oil cold damage 
experiment, the core damage rate finally stabilized at 77%. 
Crude oil cold damage has a great impact on the porosity and 
permeability of a reservoir, and an in situ heat system should 
avoid its occurrence. According to the results of the crude 
oil cold damage removal experiment, the core damage rate 
was finally stabilized at 37.5%. Displacing the in situ heat 
system removed the plugging of the crude oil cold damage 
in the core, and the core’s porosity and permeability were 
significantly improved. Upon comparing the three sets of 
scanning electron microscopy core photographs, the undam-
aged cores had a good pore structure, the cores damaged by 
crude oil were blocked, and the cores whose cold damage 
was removed had an improved pore structure although some 
pore blockages still existed.

Reaction Kinetic Mechanism

A reaction kinetic equation reflects the quantitative relation-
ship between the reaction rate of a chemical reaction and 
each reaction parameter. In practical applications, the reac-
tion rate of the in situ heat system injected into a formation 
could be predicted and controlled through the kinetic equa-
tion of the system’s reaction according to known formation 
conditions. The reaction kinetic equation of sodium nitrite 
and ammonium chloride proposed by Nguyen et al. can be 
expressed as:

(1)
dc

dt
= −Ae−

ΔE

RT c
(

NaNO2

)n1
c
(

NH4Cl
)n2

c
(

H+
)n3 .

2 Sulfamic acid reacts with sodium nitrite, and the reaction releases 
a lot of heat. This would have affected the experimental determina-
tion of the effect of the  H+ concentration on the heat generation of the 
sodium nitrite and ammonium chloride system. The reaction equation 
is  NH2–SO3H +  HNO2 =  N2 +  H2O +  H2SO4.
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where A, n1, n2, n3, ΔE are the parameters to be deter-
mined; dc/dt—instantaneous reaction rate, mol/(L s); A—
pre-referred factor; c(H+)—hydrogen ion concentration, 
mol/L; n3—hydrogen ion reaction order; c(NaNO2)—the 
concentration of  NaNO2, mol/L; n1—the reaction order 
of  NaNO2; c(NH4Cl)—NH4Cl concentration, mol/L; n2—
NH4Cl reaction order; ΔE—activation energy, KJ/mol; R—
gas constant. 8.314 J/(mol·K).

Taking the reaction concentration of sodium nitrite and 
ammonium chloride as 1:1, the formula can be simplified as:

In the formula, c0 is the initial concentration of reactant, 
mol/L; n = n1 + n2.

Shift and integrate the formula:

In the formula, ν is the ratio of the initial concentration 
of the reactant to the remaining concentration.

Upon combining the experimental results from this paper 
and using the system heat change value instead of the system 
reactant concentration change, the following formula was 
obtained:

In the formula, m is the ratio of the difference between 
the theoretical heat generation value and the real-time heat 
generation value; ΔH is the theoretical calorific value, KJ; 
ΔQ is the real-time heating value, KJ.

Take the logarithmic transformation to get:

Determination of activation energy

When initial concentration  c0, hydrogen ion concentration 
c(H+), and m were the same, lnt had a linear relationship with 
1/T and ΔE/R was the linear slope. In the experiment, m was 
reflected by the heat generation. When the same temperature 
difference occurred under different temperature conditions, 
m was the same. When m was the same, lnt and 1/T images 

(2)
dc

dt
= −Ae−

ΔE

RT cn
0
c
(

H+
)n3 .

(3)t =
�
n−1 − 1

n − 1
A−1e

ΔE

RT c1−n
0

c
(

H+
)−n3 .

(4)

{

t =
mn−1−1

n−1
A−1e

ΔE

RT c1−n
0

c
(

H+
)−n3

m =
ΔH

ΔH−ΔQ

.

(5)

ln t = ln

(

mn−1 − 1

n − 1

)

− lnA − n3 ln c
(

H+
)

+ (1 − n) ln c0 +
ΔE

RT

(6)
lg t = lg

(

mn−1 − 1

n − 1

)

− lgA − n3 lg c
(

H+
)

+ (1 − n) lg c0 +
ΔE

2.303RT
.

according to the experimental data were created, and linear 
fitting was performed. The average value of the slope at dif-
ferent temperature differences was taken, and the slope equal 
to △E/R was used to calculate the reaction activation energy, 
ΔE = 48.879 kJ/mol (Fig. 23).

Determination of reaction order n, n3

When initial concentration c0, temperature T, and m were the 
same, the relationship between lgt and − lgc(H+) was linear, 
and  n3 was the linear slope. In the experiment, m was reflected 
by heat generation. When m was the same, lgt and − lgc(H+) 
images were created according to the experimental data, and 
linear fitting was performed. The average of the slopes at dif-
ferent temperature differences was taken, and the slope equal 
to  n3 was used to calculate the acid reaction order, n3 = 0.6455 
(Fig. 24).

When temperature T, hydrogen ion concentration c(H+), 
and m were the same, the relationship between lgt and lgc0 
was linear, and n was the slope of the line. In the experiment, 
m was reflected by heat generation. When m was the same, the 
images of lgt and lgc0 were created based on the experimen-
tal data, and linear fitting was performed. The average of the 
slopes at different temperature differences was determined, 
and the slope equal to n was used to calculate the acid reaction 
order, n = 2.4678 (Fig. 25).

Determination of pre‑reference factors

Combined with the intercept data of the fitted straight line, 
the activation energy ΔE = 48.879 kJ/mol, and the reaction 
order n, n3:

Fig. 23  Linear relationship between lnt and 1/T 
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In the formula, L is the intercept of the kinetic fitting 
curve.

(7)

L = ln

(

mn−1 − 1

n − 1

)

− lnA − n3 ln c
(

H+
)

+ (1 − n) ln c0,

(8)L = lg

(

mn−1 − 1

n − 1

)

− lgA + (1 − n) lg c0 +
ΔE

2.303RT
,

(9)L = lg

(

mn−1 − 1

n − 1

)

− lgA − n3 lg c
(

H+
)

+
ΔE

2.303RT
.

Intercept L of each fitted straight line was calculated, and 
the value of pre-exponential factor A was obtained. The aver-
age value was calculated as A = 1.73 ×  107.

Determination of kinetic equation

From the above data, the reaction kinetic equation of sodium 
nitrite and ammonium chloride under the experimental con-
ditions was

Heat generation law of in situ heat system

As the concentration of reactants increased in system A, the 
rate of heat generation increased rapidly; the peak tempera-
ture also increased, whereas the time to reach the peak value 
rapidly decreased. As the catalyst concentration increased, 
the faster the reaction rate, the faster the heating rate. The 
heat generation efficiency depended on the concentration of 
the heat-generating agent, and there were different optimal 
catalyst concentrations. However, the basic peak temperature 
range remained unchanged. The initial temperature of the 
reaction system had a greater influence on the rate of heat 
generation. As the initial temperature increased, the rate of 
heat generation increased, the peak temperature decreased, 
and the time to reach the peak value shortened significantly.

The in situ heat system with a temperature increase of 
50 °C was optimized and combined with a fracturing fluid 
system for reservoir reconstruction. The system needed to 
reduce the  H+ concentration to meet the requirements of the 
fracturing fluid to effectively cross-link in a weakly acidic 
environment and completely break the gel. Moreover, to 
reduce the  NOX, the system had to reduce the concentra-
tion of reactant sodium nitrite and  H+ and have a high heat 
release. In the end, a system formula of 1.6 mol/L ammo-
nium chloride, 1.0 mol/L sodium nitrite, and 0.8% hydro-
chloric acid was selected.

Effect evaluation of in situ heat system

Using the characteristics of the in situ heat system, an in situ 
heat fracturing fluid system was formed. The in situ heat frac-
turing fluid could increase the reservoir temperature by ensur-
ing the formation of fractures in the reservoir and increasing 
the permeability, thus avoiding the cold damage issue and 
reducing the viscosity of the crude oil. The fluid generated a 
considerable amount of inert gas while generating heat, thus 
forming foam-like fracturing fluid. The system was able to 
reduce fluid loss, improve the sand-carrying performance, 

(10)
dc

dt
= −1.73 × 107e−

48.879

RT c2.4678
0

c
(

H+
)0.6455

.

Fig. 24  Linear relationship between lgt and − lg[c(H+)]

0.0 0.2 0.4 0.6
0.0

0.5

1.0

1.5

2.0

2.5

3.0 m=1.06
m=1.14
m=1.23
m=1.33
m=1.46
m=1.60
m=1.79

lg
(t/
s)

lg[C0/(mol/L)]

Fig. 25  Linear relationship between lgt and lg(c0)

(2021) 11:1943–1961Journal of Petroleum Exploration and Production Technology 



1959 

1 3

improve the gel breaking and flowback performance, and 
effectively improve the fracture conductivity. Moreover, it was 
clean and environment-friendly (Fig. 26).

Compared with the conventional fracturing wells in the 
same block, the fracturing construction effect of five wells 
using the autogenous thermal fracturing fluid system was 
good. The average oil test output of conventional fractur-
ing construction is 2.8 t/d, and the average oil test output of 
the in situ heat fracturing fluid system was 13.2 t. After the 
official production, the average daily oil production per well 
was 2.15 t/d, a 1.9-fold increase compared with the previous 
1.12 t/d. Based on the relevant experimental conclusions and 
on-site construction applications, the in situ heat fracturing 
fluid system could effectively avoid the problem of cold dam-
age to the working fluid, improve oil and gas production, and 
effectively cross-link and carry sand in an acidic environment. 
Moreover, the system’s gel-breaking performance was good: 
The gel-breaking liquid was clear, did not contain residue, was 
clean and environment-friendly, and caused minimal damage.

Conclusion

In this paper, the performance of an in situ heat genera-
tion system was evaluated via laboratory experiments. 
Ammonium chloride and sodium nitrite were selected as 
the heat-generating agents, and 1# catalyst was used as the 
catalyst. With the goals of reaching 50 °C and reducing 
the toxic and harmful by-product  NOX, a heat-generating 

formula with a low  H+ concentration was proposed. This 
formula achieved good results in the core flooding tests 
and on-site construction applications, and the following 
conclusions were drawn:

1. The optimum system was determined to be 1.6 mol/L 
ammonium chloride, 1.0 mol/L sodium nitrite, and 0.8% 
hydrochloric acid.

2. In the exothermic reaction of sodium nitrite and ammo-
nium chloride, the higher the initial concentration of the 
exothermic agent and the lower the ambient tempera-
ture, the more heat was generated by the reaction. The 
kinetic equation was calculated based on the experimen-
tal results of the system heat production:

3. In the core flooding experiment, the in situ heat system 
could relieve but not completely remove the cold dam-
age.

4. The in situ heat system with a low  H+ concentration 
combined with the hydrophobic polymer fracturing fluid 
formed an in situ heat fracturing fluid system with effec-
tive cross-linking and complete gel-breaking properties 
and good on-site construction evaluation.

Overall, the in situ heat system could effectively be 
applied to reservoir wax removal and cold damage relief. 
Optimizing the system formula could solve the problems 
(e.g., the harmful by-product  NOX) that make adapting to 
the existing fracturing fluid system difficult. In the exploi-
tation of unconventional oil and gas resources, the in-situ 
heat system could become more widely used due to its heat 
generation and gas production performance.
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Fig. 26  Sand-carrying performance of in  situ heat fracturing fluid 
system
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